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ABSTRACT
Growth characteristics and stress responses in the halophilic archaeon, Haloarcula 
marismortui, have been poorly investigated and knowledge o f the effects o f extracellular 
potassium concentration on halophilic growth is limited. W e report the evaluation o f 
cellular generation times across a range o f  extracellular potassium concentrations to assess 
the organisms responses to extreme potassium stress. Our results show Haloarcula 
marismortui exhibits an optimal generation time o f 4.19 ± 0.14 hours at an extracellular 
KC1 concentration o f lOOmM. This corresponds to an intracellular K f concentration o f 
2.02M as determined through the use o f  Induction-Coupled Plasma Mass Spectrometry. 
Additionally, the validation o f  several candidate reference genes for use with RT-qPCR 
studies is reported. Five reference genes (16S rRNA, rpoB, pykA, polA, and rpoA) have 
been confirmed as being stably expressed in accordance with the Minimal Information for 
the Publication o f Quantitative PCR Experiments (MIQE Guidelines) across several unique 
halophilic growth conditions.
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Chapter One
Introduction
“-a new scientific truth does not triumph by convincing its opponents and making them see 
the light, but rather because its opponents eventually die, and a new generation grows up 
that is fam iliar with it. ”
- Max Karl Ernst Ludwig Planck, 1858 -  1947
"Convincing ourselves was not the problem. Convincing others was. It would be a hard  
sell. For reasons I  could not understand at the time, literally all biologists believed in “the 
prokaryote. ” A nd it was not your typical scientific be lie f -  always open to question. This 
was dogma, unshakable doctrine! ”
- Carl R. Woese, 1928 -
1.1 The Archaea: Historical Perspectives Behind New Life on Earth
1.1.1 The Procaryote Ideology
The primary distinction between cellular organisms has long been the identification 
o f an organism as either a procaryote or a eucaryote. The phylogenetic classification system 
has reflected this distinction since the publication o f Roger Stanier and C.B. van N iel’s 
paper entitled “The Concept o f a Bacterium” 1 in 1962. This now iconic article conveyed the 
confusion among the microbiological disciplines that persisted due to a lack o f  sufficient 
taxonomical classification among the cellular organisms. Stanier and van N iel1 state, “Any 
good biologist finds it intellectually distressing to devote his life to the study o f a group that 
cannot be readily and satisfactorily defined in the biological terms; and the abiding 
intellectual scandal o f bacteriology has been the absence o f a clear concept o f a bacterium.” 
The pair go on to credit their predecessor, Edouard Chatton:
1
“For a long time, biologists have intuitively recognized that the cell structure o f 
bacteria and blue-green algae is different from that o f  other organisms, and 
should be characterized as “primitive” ; but a satisfactory description o f the 
difference has proved remarkably elusive. The revolutionary advances in our 
knowledge o f cellular organization which have followed the introduction o f 
new techniques during the past 15 years have changed this situation. It is now 
clear that among organisms there arc two different organizational patterns o f  
cells, which Chatton (1937) called, with singular prescience, the eucaryotic and 
procaryotic type. The distinctive property o f bacteria and blue-green algae is the 
procaryotic nature o f their cells. It is on this basis that they can be clearly 
segregated from all other protists (namely, other algae, protozoa, and fungi), 
which have eucaryotic cells.”1
A more recent review by Jan Sapp2 points out the work by Edouard Chatton in 
question, Titres et Travaux Scientifiques3, used the terms “procaryote” and “eucaryote” 
only once each and not with the “prescience” described by Stanier and van N iel1. Sapp2 
elaborates on the more likely origins and evolution o f the procaryotic and eucaryotic super­
kingdoms found in recent taxonomical structure giving primary credit to Ernst Haeckel4' 5, 
Edwind B. Copeland6, and Herbert F. Copeland7,8. By 1938, Herbert F. Copeland, the son 
o f Edwind B. Copeland, pushed the progression o f  this evolution toward the birth o f four 
natural phylogenetic kingdoms: Monera, Protista, Plantae, and Animalia2' 1. In 1959 the 
taxonomical model evolved further when W hittaker9 proposed the addition o f  a fifth 
kingdom, Fungi, as part o f his own four kingdom model that classified M onera as a protist 
sub-kingdom. Whittaker later refined his model to the widely accepted five kingdom
2
(Animalia, Plantae, Fungi, Protista, and Monera) taxonom y10. Stanier and van N iel’s 
apparent over-exaggeration o f Chatton’s use o f  the “procaryote” and “eucaryote” term s1, 
though suggested prior to W hittaker’s taxonomic m odel10, have remained highly popular 
regardless o f their dichotomization o f the kingdoms through the separation o f Monera as 
procaryotic and the grouping o f the remaining four kingdoms as eucaryotic.
1.1.2 Birth of the Three Domain System
In the early 1960’s Carl Woese, a professor o f  microbiology at the University o f 
Illinois at Urbana-Champaign, began a research program that would attempt to identify the 
universal phylogenetic tree o f life by clarifying the widely unknown phylogeny within the 
so-called procaryotic super-kingdom11 ’ 12. In a recent, more personal account, Woese states 
his motivation behind establishing the program was to “ ...restore an evolutionary 
perspective/spirit to biology” while arguing that the reasoning behind the development o f 
the procaryote/eucaryote classification system was based on a need for formal classification 
among cellular organisms rather than irrefutable scientific evidence13. Acknowledging that 
proper criteria for the establishment o f phylogenetic relationships had not yet been clearly 
established, Woese began comparing the structures o f  procaryotic ribosomal ribonucleic 
acids (rRNA) between species, specifically the 5S rRNAs, by characterizing oligomers 
produced by specific nuclease digests11. This was a necessary approach as complete 
sequence determination was highly time consuming and the previously used approach o f 
assigning phylogenetic relationships on the basis o f protein sequence similarity, as had 
been done through much o f the eucaryotic super-kingdom, was highly ineffective when 
applied to the bacteria14.
3
With the introduction of Fredrick Sanger’s macromolecular nucleic acid sequencing 
technique in 196515 (for which Woese personally refers to Sanger as the most important 
figure in twentieth century biology16), Woese and his post-doctoral fellow at the time, 
George Fox, expanded their approach to include the examination o f larger rRNA 
sequences. By the early 1970’s Woese and Fox had managed to tune the Sanger method to 
fit their requirements13 and had began studying the sequences of 16S rRNA of a Blue- 
Green Alga17, the 16S rRNA of the true bacteria (eubacteria)18, and the 18S rRNA among 
the apparent bacterial ancestors within the eucaryotic cytoplasm, referred to as the 
urkaryotes in phylogenetic analysis18' 19. This holistic approach to phylogenetic analysis, 
based on the evolution o f what has long been argued as being the oldest and most 
evolutionarily stable cellular macromolecule, the ribosome, illustrated two distinct lines o f 
decent between the eubacteria and the ancestral urkaryotes in addition to a third distinct 
lineage18. The identification of this novel lineage lead to the suggestion o f a new kingdom
within the procaryotic super-kingdom, the archaebacteria, which was solely represented by
18 20 ^ 1the methanogenic bacteria at the time ’
Though the original publication was released in the October 1977 issue o f the 
Proceedings o f  the National Academy o f  Science o f  the United States o f  America21' 22, the 
first major public appearance o f Woese and Fox’s novel kingdom was made on November 
3, 1977 when major newspapers around the world, including the New York Times, 
published front page articles quoting W oese’s use o f the phrase “third form o f life.” 13,22. In 
a personal account of the events following the public announcement a colleague o f Carl 
Woese, Ralph Wolfe, who was involved with aspects o f  the discovery and characterization 
o f archaebacterial species, explains how the proposal o f the archaebacteria as a novel 
kingdom within the procaryotes was met with substantial resistance.22 W olfe recounts the
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scientific communities reaction to the news as “ ...negative with disbelief and much 
hostility, especially among microbiologists.”22 The strong reaction even included a personal 
phone call from the Nobel Prize recipient, Salvatore Luria, in which Wolfe was told to 
“ ...dissociate [himself) from this nonsense, o r... ruin [his] career!22” Woese, Fox, and their 
associates would not be discouraged.
In 1980, Fox et alXA further reported the use o f  16S rRNA sequence analysis to 
identify phylogenetic relationships across more than 170 species thus providing the first 
insight into “procaryotic” phylogeny as a whole. The relationships they observed expanded 
on the need for the novel archaebacterial kingdom. The phylogenetic analysis revealed each 
included species fell within one o f  three primary genealogical lineages14. The 16S rRNA 
sequences within each lineage were nearly identical to one another but differed 
significantly from those within each o f  the other two lines o f  decent. This substantially 
broadened the spectrum o f the new kingdom which now included the methanogens, 
halophiles, and thermoacidophiles14.
The identification o f  the archaebacteria and phylogenetic categorization o f the 
species within this new kingdom eventually culminated a decade later with a proposal by 
Woese et al2i to establish a novel rank to the existing taxonomic hierarchy. This, they 
argued, was a necessity as neither the five kingdom taxonomical model, nor the procaryote- 
eucaryote dichotomy, could accurately describe the evolutionary relationships that had been 
observed when comparing molecular sequencing data. The new rank, the domain, would 
supersede the level o f kingdom and would hold the formal suffix o f -a . Woese et al2i 
specifically stated the domains would be named under the consideration that they would 
maintain continuity with existing names, would suggest basic characteristics for the overall 
group, and would avoid any suggestion that the eubacteria and archaebacteria are related to
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one another. With this in mind they proposed the formation of the domains Bacteria, 
Archaea, and Eucarya and suggested the abandonment o f their own term “archaebacteria” 
as it suggests a relationship between the bacterial and archaeal domains o f  life. Under this 
system the bacterial domain would consist o f  the true, or eu-, bacteria and the urkaryotes 
while the eucaryal domain would consist o f all species formerly described as eucaryotic 
under the procaryotic-eucaryotic dichotomy.
1.2 A Brief Overview of Archaeal Physiological Hallmarks
In order to substantiate the proposal o f the three domain system described above, 
the archaea would have to possess hallmark characteristics that species in neither the 
bacterial nor eucaryal domains could be found to possess. These would be “genuine 
phenotypic similarities [that reflect] common evolutionary origin.”24 Among the hallmarks 
described below are physiological traits possessed by the archaeal domain in its entirety. 
These include, as outlined by Woese and Fox over the past several decades13, 14, 18, 23, 24, 
branched ether-linked lipids, specific structural characteristics o f the RNA polymerases, 
domain specific tRNA base modifications, and composition o f  the cell wall. Archaea- 
specific rRNA base modifications are also discussed as these have been found to be highly 
unique to several archaeal species. Though methanogenesis is not a physiological hallmark 
o f the archaeal domain as a whole and does not apply to the research described in the 
following chapters, the methanogenic archaeal species are the only organisms o f  their kind 
and possess a suite o f coenzymes exclusive to their biochemistry. Moreover, the 
methanogens were integral to the identification o f the Archaea  as a unique domain o f  life; 
therefore, methanogenesis has been briefly described.
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1.2.1 Archaeal Membrane Lipids
The first fundamental characteristic that differentiates the Archaea  from the 
Bacteria and Eucarya at the domain level lies in the structure o f their primary membrane 
lipids13. Many studies over previous years identified “bacterial” species that did not possess 
the standard ester-linked lipids typical o f the Bacteria. These species instead possessed 
diether-linked lipid analogues in which long, branched isoprenoid carbon chains are 
attached to glycerol via an ether linkage25'30. As Woese, Fox, and colleagues14’ ,8’ 24 
continued to build the archaeal phylogenetic tree, diether-linked lipids became an apparent 
physiological characteristic o f the Archaea. Synthesis o f the isoprenoid side-chains have 
been shown to occur through head-to-head condensation o f isoprene units which in turn can 
be used in the synthesis o f acyclic, monocyclic, or bicyclical diether-linked lipids31. The 
condensation o f two diether lipids has been observed to occur in a similar manner to 
produce a glycerol-dialkyl-glercerol tetra-either lipid product30. Although ether-linked 
lipids have been identified in some eucaryal30 and bacterial30,32 species (and alternatively 
fatty acid side chains have been observed in some archaeal lipids30' 33) to a minor extent, it 
is the distinct stereochemistry o f the carbon at position one o f  the glycerol backbone o f 
archaeal lipids that set the Archaea  apart from the Bacteria and Eucarya30.
The discovery o f ether-linked lipids (prior to the identification o f  the archaeal 
domain) lead to the suggestion that they had evolved as an adaptation to the hostile 
environments in which the “bacterial” species that produced them thrived26. The production 
o f an ether-linkage over an ester-linkage would help these organisms adapt to their 
typically hostile native environments while the presence o f  branched isoprenoid chains 
would be an environmental adaptation to elevated temperatures26. In more recent years 
these early suggestions have been confirmed. Lipid profile studies have illustrated changes
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in proportion o f different ether-linked lipids in the cell membrane under extreme pressure34 
and varying growth temperatures35. Further studies revealed cyclization o f  the isoprenoid 
side chains yields an increased membrane transition temperature36 while increased 
unsaturation o f the side chains assists with adaptation to extreme cold37. To date, the 
synthesis o f the primary isoprenoids, isopentenyl diphosphate and dimethylallyl 
diphosphate, and their assembly into chains with subsequent attachment to glycerol-1- 
phosphate has been thoroughly examined; however, the biosynthetic steps behind the 
extensive modification (addition o f sugar to glycerol; varying levels o f desaturation among 
side chains) remains largely undefined (reviewed by Boucher30). Taken together, ether- 
linked lipids have been shown to be integral to the survival o f archaeal species in the hostile 
environments they tend to flourish in though much remains to be learned.
1.2.2 Archaeal Cell Wall Composition
Another defining physiological characteristic o f the Archaea described by Woese 
and Fox13, l4’ 24, with evidence from several studies38*46, is a strict lack o f  diaminopimelic 
and muramic acids (i.e. peptidoglycan) in the outer membrane or cell wall. As our 
knowledge o f the archaeal domain has progressed over the past decades, it has become 
apparent that the Archaea lack a universal cell wall polymer47. Archaeal cell walls are now 
known to be composed o f various polymers dependant on the species being observed and 
can contain lipoprotein39, sulphated48, acid45, or unmodified heteropolysaccharides, 
glutaminylglycan, methanochondroitin, pseudomurein, proteins, glycoproteins, or 
glycocalyx47. Rather than rigid cell walls archaeal cells tend to possess a proteinaceous 
exterior surface layer (S-layer) that form regular two-dimensional arrays across the exterior 
o f the cell membrane47' 49. Super-structural features and chemical composition o f archaeal
S-layers and cell wall polymers are highly variable between genus and species and have 
recently been reviewed in great detail by Konig et a t 1.
1.2.3 Archaeal DNA-Dependent RNA Polymerases
W oese13 has also stated that the characteristics o f the DNA-dependent RNA 
polymerases in the Archaea , though they resemble those found in the Eucarya50'53, are a 
unique physiological characteristic. First described by Zillig et al50 in Sulfolohus 
acidocaldarius, archaeal RNA polymerases are comprised o f approximately ten monomeric 
components including two larger sub-units that resemble the b and b' subunits o f the 
eubacteria (though the archaeal large sub-units were smaller than any previously described 
in the eubacteria) in addition to several smaller components50. In Archaea, however, these 
sub-units are arranged in a different combination than typical o f the eubacteria and the 
smaller components are analogous to RNA polymerase associated proteins in the 
Eucarya50. More recent work has revealed that archaeal RNA polymerases, which are most 
similar to the eucaryal RNA polymerase II53, are capable o f in vitro transcription with only 
the eucaryal-like transcription factors TBP and TFB54. In comparison, the eucaryal RNA 
polymerase II requires the eucaryal homologs o f TBP and TFB in addition to the 
multimeric transcription factors TFIIE, TFIIF, and TFIIH before in vitro transcription will 
occur55. The X-ray crystal structures o f two RNA polymerases from the genus Sulfolobus 
have recently been solved56’ 57 and have revealed novel, genus specific structural 
components53. The structure and function o f archaeal RNA polymerases53, and archaeal 
transcription initiation52, including these very recent findings, have also been reviewed in 
detail.
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1.2.4 Archaeal Transfer-RNAs
Archaeal transfer-RNAs (tRNA) are another physiological feature W oese13 has 
described as defining the third domain. Genes encoding archaeal tRNAs are among the only 
known archaeal genes to possess introns58'60 which are processed out o f  the immature 
tRNA transcript by a unique endonuclease61. Although tRNA processing is a unique 
physiological feature in archaeal species, it will not be reviewed here as it is thoroughly 
discussed with respect to considerations that must be made pertaining to introns and 
Reverse-Transcription Quantitative Polymerase Chain Reactions (RT-qPCR) in Chapter 3. 
In addition to their method o f tRNA processing, however, archaeal tRNAs possess a suite 
o f unique base modifications that have been reviewed by Ramesh Gupta as part o f an 
analysis o f tRNAs in the halophilic archaeon Haloferax volcanii (previously referred to as 
Halobacterium volcanii)62. The most characteristic o f these modifications is the presence of 
an additional pseudouridine OP) residue in the common-arm sequence o f each tRNA 
providing a sequence o f W-tP-C-G rather than the T-^P-C-G sequence commonly observed 
in eubacterial and eucaryal tRNAs. Some archaeal species, predominately in the kingdom 
Crenarchaeota and the more novel species, Nanoarchaeum equitans (Sections 1.3.1 and
1.3.4 respectively), also possess a unique system for processing some tRNAs from the 
immature tRNA transcript. Several tRNA genes have been identified that are transcribed as 
two independent immature transcripts then spliced together via a ?ra«v-splicing mechanism 
to form the mature tRNA63. Although this mechanism is not solely unique to archaeal 
species63, the domain does appear to have a large abundance o f trans-spliced tRNAs.
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1.2.5 Archaeal Ribosomal RNA Base Modifications
A number o f post-transcriptional modifications have been identified in archaeal 
rRNAs in the past several decades; however, the specific positions of only a select few have 
been placed in rRNA sequences. According to the RNA modification Database64 there have 
been 15 modifications identified in archaeal rRNA to date, with the 16S rRNA being the 
most heavily modified (Table 1.1). Levels o f modification vary from species to species and 
have been shown to change in response to cellular stress such as increased culture 
temperatures65. This illustrates the potential for extreme variation in rRNA modification 
between species as well as within a single species dependant on growth conditions.
Table 1.1. Post-transcriptional base modifications found in the archaeal1 ribosomal
RNAs. The presence (+) and absence (-) o f each modification is indicated for each of
the 5S, 16S, and 23S rRNAs.
Modification Abbr. 5S 16S 23S Reference
7w-methyladenosine m6A - + - 65
2'-Om ethyladenosine Am - + + 65
TV^A^-dimethyladenosine m62A - + 21
5-methylcytidine irfC - + + 65
2'-6>-methylcytidine Cm + + + 65,66
Tv-acetylcytidine ac4C + + + 65 ,66
iv-acetyl-2'-(9-methylcytidine ac4Cm + - - 66
TV‘-methylguanosine m2G - + - 65
7-methylguanosine m7G - + - 67
2'-0-methylguanosine Gm - + + 65
Pseudouridine Y - + + 68
2 '-O-methyluridine Urn - + + 65
3-(3-amino-3-
carboxypropyl)uridine
acp3U - + - 69
3-methyluridine m3U - - + 65
1 -methyladenosine"6 m'A + 70
“Not R eported  in the RNA M odification D atabase 64
hNo known reports o f  modification in 5S or 16S rRNA
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Despite the potential for variability in archaeal post-transcriptional rRNA 
modifications, most o f which are not evolutionarily conserved, the dimethylation o f two 
adjacent adenosines (A1518 and A1519 as per Escherichia coli numbering; all modification 
positions to follow based on this numbering)69' 71 near the 3 '-termini o f the 16S rRNA is 
highly conserved. Currently the only one known archaeal exception to the latter is the 
crenarchaeotal species, Sulfolobus solfataricus, which possesses only a single 
dimethylation modification in the same region65. The equally conserved enzyme72 
responsible for both o f these dimethylations is known as KsgA in bacteria and Diml in 
archaea and eucaryotes72, 73. Diml transfers four methyl groups from four S- 
adenosylmethionine (SAM) molecules to the two adjacent adenosines converting them to 
N6,N6-dimethyladenosine. It remains unclear as to whether or not the methyl groups are 
transferred to the adenosines simultaneously or sequentially; however, it is apparent from 
the KsgA crystal structure73 that the target adenosines enter the enzyme active site 
separately and only one molecule o f SAM is bound at a time72 which suggests sequential 
transfers are likely.
A second modification o f interest is the previously described 3-(3-amino-3- 
carboxypropyl) uridine (acp3U)69,74 which has been shown to occur in the 16S rRNA o f the 
halophilic archaeon, Haloferax volcanii at position 966. This unique modification was 
thought to exist in tRNA only and had never previously been observed in rRNA 
sequences69. The H. volcanii acp3U modification corresponds to a universally conserved 
modification site, which in bacteria contains an m2G modification directly adjacent to an 
m5C modification at position 967. The same site in eucaryotes is typically an 
evolutionarily conserved uridine residue which is commonly modified to l-methyl-3-(3- 
amino-3-carboxypropyl) pseudouridine; a structural relative to the acp3U modification69.
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Previous studies have shown that the 3-amino-3-carboxypropyl group is transferred from 
SAM to uridine when synthesized in tRNAs75; however, the mechanism behind this transfer 
and the function o f the resulting modification is apparently yet to be determined.
1.2.6 Methanogenesis
The methanogens have long been regarded as an ancient lineage o f organisms that 
originally adapted to an early anaerobic earth20, 21. Although this would appear to be 
entirely plausible, more recent phylogenetic studies have suggested that the methanogens 
diverged later than previously anticipated as the Thaumarchaeotal lineage76 apparently 
diverged first (Section 1.3.5). Nonetheless, as the first recognized archaeal organisms, the 
methanogenic archaea comprise several orders within the euryarchaeotal kingdom and 
possess a highly unique biochemistry. The well studied production o f methane is the 
primary energy yielding metabolism o f the methanogenic archaea and has been thoroughly 
reviewed by Ferry and Kastead77. As described in this review, methanogens utilize several 
cofactors, many o f which can be found in the other domains o f life while others are specific 
to the methanogenic archaea. The first methanogen-specific cofactor, 2-mercapto- 
ethanesulfonic acid (Coenzyme M), was described by Taylor and Wolfe in 197478 and is 
the smallest known enzymatic cofactor currently known77. Additional cofactors include 
methanofuran, 7-mercaptoheptanoyl-threonine phosphate (Coenzyme B), 
methanophenazine, 5,6,7,8-tetrahydromethanopterin, 5-hydroxybenz-imidazolyfcobamide 
(Factor III), Factor43o, Coenzyme F 4 2 0 ,  and molybdopterin guanine dinucleotide77. The 
biological production o f methane typically occurs via one o f  two primary metabolic 
pathways which involve the fermentation o f acetate or the reduction o f carbon dioxide77. In 
addition to the primary pathways, species within the orders Methanosarcina and
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Methanoccoides are capable o f producing methane through the conversion o f  single carbon 
compounds such as methanol or methylamines77.
One o f the most interesting aspects o f methanogenesis has been made apparent 
through investigations into the molecular biology of methane production. These 
investigations have lead to the discovery o f  the novel amino acid, pyrrolysine79 (Figure 1.1) 
which has been found to be encoded by a UAG codon and is used to charge a specific 
tRNA directly via the enzyme pyrrolysyl-tRNA synthetase80’81. In 2006, M ahapatra et a t 2 
conducted a study in which they knocked out the gene encoding the dedicated pyrrolysine 
tRNA from Methanosarcina acetivorans, a species capable o f utilizing several substrates 
for methane production and carbon assimilation including various methylamines. 
Mahapatra et a t 2 recognized that growth o f their knockout strain on substrates that required 
the use o f proteins or processes requiring pyrrolysine should be lethal to the organism. With 
this in mind, growth was assessed on media containing the typical M. acetivorans 
substrates: methanol, acetate, monomethylamine, and dimethylamine. The knockout strain 
was capable o f  growth on methanol and acetate over extended growth periods o f  several 
years and these substrates were interchangeable; however, knockout strain growth on 
mono- or dimethylamine was not observed even after extended six month incubation 
periods82. Additionally, unlike the wild-type strain, the M. acetivorans knockout strain was 
apparently unable to assimilate nitrogen from mono- or dimethylamines while starved o f 
other nitrogen containing substrates82. Moreover, methyl transfer from methylamines to 
Coenzyme M was not observed in the knockout strain82. Taken together, this evidence 
suggests pyrrolysine is required for a Methanosarcina-specific biochemical process that 
transfers a methyl group from methylamines to Coenzyme M and may play a role in 
nitrogen liberation from these compounds under limiting conditions.
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Figure 1.1. Pyrrolysine identified in m ethylam ine methyltransferases o f  the order M ethanosarcina. The 
naturally occurring amino acid is used to charge a dedicated tRNA via pyrrolysyl-tRNA synthetase.
1.3 Phylogenetic Structure of the Archaeal Domain and its Kingdoms
In addition to Woese and Fox’s proposal for the three domain system23, they also 
suggested the formation o f the novel kingdoms Crenarchaeota and Euryarchaeota  within 
the archaeal domain. The euryarchaeotes were to include the three methanogenic lineages, 
the extreme halophiles, the sulfate-reducing species and the thermophiles o f  the genus 
Thermoplasma and the Thermococcus/Pyroccocus group. Alternatively, the crenarchaeotes 
would include the thermoacidophiles, the extreme thermophiles, and the sulphur-dependant
23 • 23 23 83species . Today five kingdoms (Crenarchaeota , Euryarchaeota , Korarchaeota  , 
N anoarchaeotaA, and Thaumarchaeota16) have been identified encompassing more than 
1 1 0  individual archaeal species for which whole genomes have been sequenced and
n r  o /  Q "7
annotated ' . Several hundred additional species have been identified , whether it be
through molecular ecology studies involving analysis o f environmental samples or isolation 
via pure culture. Presumably owing to the lack o f the higher-level taxonomic grouping o f 
phylum, and the lesser number o f  species in each, relative to their bacterial and eucaryal 
counterparts, the archaeal kingdoms are commonly referred to as phyla throughout the 
literature; however, because they were originally proposed as such by W oese23, they will
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continue to be referred to as kingdoms below. Each o f the five kingdoms is briefly outlined 
below including an introduction to a few species o f particular interest.
1.3.1 Crenarchaeota
The kingdom Crenarchaeota was aptly named from the Greek word lcrenos\ 
meaning spring or origin23,76, which was given for the believed physiological resemblance 
o f the species to the ancestor o f  the domain considering their tendency towards 
hyperthermophilicity23. The kingdom is currently comprised o f the orders Sulfolobales, 
Acidilobales, Desulfurococcales, and Thermoproteales76' 85, 86 from which 35 whole 
genomes have been sequenced76,85,86. The kingdom is home to many highly unique species 
that could each be discussed at length; however, for the purposes of this introduction, only 
the genera Sulfolobus and Ignicoccus are included here.
The genus Sulfolobus is comprised o f species that have arguably been the most 
studied o f the archaeal domain. The genus was first proposed in 1972 as a novel bacterial 
taxonomic group42 and was reclassified as one o f the original archaeal genera when the 
archaeal domain was proposed by Woese and Fox14. Species within this genus are 
described as typically spherical cells that utilize sulphur or other simple organic compounds 
as primary growth substrates42. These species are also characterized as thermophilic 
acidophiles with optimal growth typically occurring at temperatures o f 70-75°C and at pHs 
between 2 and 342. Both Sulfolobus acidocaldarius and Sulfolobus solfataricus can easily 
be referred to models for the kingdom as these species have been widely used as the “go­
to” organisms for investigations involving the Crenarchaea and have become instrumental 
in advancing our knowledge o f the crenarchaeotal kingdom.
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One o f the most interesting groups o f organisms within the Crenarchaea are those 
comprising the genus, Ignicoccus. These are arguably the most unique o f  the entire archaeal 
domain in terms o f cellular morphology as they are the only known archaeal species that do 
not possess either a proteinaceous S-layer or any other cell wall polymer47, but rather a 
cytoplasmic membrane, variable periplasmic space, and an outer sheath resembling those o f 
gram-negative bacteria49' 88. Members o f this genus are the only species described as 
obligate chemolithotrophic sulfate reducing organisms within the order Desulfuro- 
coccales%%. Cells grow either singly or in pairs and possess several flagella-like
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appendages . Additionally, at least one Ignicoccus species, Ignicoccus hospitalis , has 
been shown to grow in the presence o f  a parasitic archaeal symbiont84 (Section 1.3.4).
1.3.2 Euryarchaeota
The kingdom Eury’archaeota, was named from the Greek word ‘eu ryos\ meaning 
diverse76, broad, wide, or spacious23, which was given for the spectrum o f ecological niches 
these species fill and for the array o f  metabolisms they encompass23’ 76. The kingdom is 
currently comprised o f the orders Archaeoglobales, Halobacteriales, Methanobacteriales, 
Methan-ocellales, Methanococcales, Methanomicrobiales, Methanopyrales, Methano- 
sarcinales, Thermococcales, and Thermoplasmatales from which 75 genomes have been 
sequenced76’85’86. As with the Crenarchaeota, Euryarchaeota is home to several species o f 
interest; however, not all o f these can be discussed here. Therefore, in addition to the well 
studied methanogenic species in Section 1.2.6, the discussion o f  the euryarchaeotic species 
below will include two species o f personal interest: Ferroplasma acidarmanus, chosen for 
the intriguing environment in which it thrives, and Haloquadratum walsbyi, chosen for its 
highly unique morphological features. The halophilic archaeon, Haloarcula marismortui, is
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discussed in greater detail below (Section 1.4) as it is the subject o f  interest in the 
investigation detailed in the chapters to follow.
The acidophilic archaeon, Ferroplasma acidarmanus strain fe rl, was first isolated 
from within the biofilms o f the highly acidic, metal rich waters o f the abandoned Iron 
Mountain mine in northern California89. In 2003 two additional strains, MT16 and MT17 
were isolated from a biooxidation pilot plant90 o f which only the MT17 strain has been well 
characterized. F. acidarmanus growth can be observed across a pH range o f 0.0-2.5 with 
optimal growth occurring between pH 0.6 and 1.489' 91. Both the ferl and MT17 strains 
grow heterotrophically on yeast extract89*91. The two strains differ in that MT17 has an 
optimal growth temperature of 39°C 90 whereas ferl grows optimally at 42°C89’ 92. Both 
strains will oxidize ferrous iron and growth will occur in acidic media supplemented with 
pyrite (FeS2) sediments and 0.02% yeast extract89,90. This oxidation o f pyrite results in acid 
production via the reaction F e S 2  + 14 Fe34 8  H 2O —>15 Fe2+ + 2 S O 4 2* + 16 H+ 93 and F. 
acidarmanus mediated pyrite dissolution such as this is thought to contribute to the acidic 
environments where these organisms are commonly located92. Iron oxidation o f this nature 
has also been hypothesized to be a major source o f microbial energy generation in low pH 
environments92.
The second species o f interest is the halophilic archaeon, Haloquadratum walsbyi. 
This morphologically unique organism was first described by A.E. Walsby in 1980 in water 
samples taken from hyper-saline pools near the Red Sea94; however, the species was not 
successfully isolated in pure culture until the middle o f  the last decade95, %. These cells 
grow in a distinct, square morphology with dimensions of 2  x 2  x 0 .2 pm  and have been 
observed in the form o f aggregate sheets up to 40 x 40pm 95,96. The organism also contains
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distinct gas vesicles; a morphological feature that W alsby used to first identify the species 
as a micro-organism in 198094. Long referred to as “W alsby’s Square Haloarchaeon”, Hal. 
walsbyi was given its current name in 2007 after 16S rRNA sequencing confirmed it as a 
novel species o f the family Halobacteriaceae.
1.3.3 Korarchaeota
The kingdom Korarchaeota was proposed in 1996 by Bams et a / 83 after molecular 
ecology studies revealed the presence o f several species o f a distinct archaeal lineage in 
environmental samples obtained from hot springs in Yellowstone National Park. The novel 
lineage was named from the Greek words “koros”, meaning young man, or “kore”, 
meaning young woman, which was given to describe the apparent early divergence o f these 
organisms from the larger crenarchaeotal and euryarchaeotal kingdoms83. It was 
immediately recognized that the Korarchaeota would not be able to be confirmed as a 
novel lineage without additional studies and, preferably, with the cultivation o f a 
korarchaeotal species in pure culture83. As o f 2006 a pure korarchaeotal culture had not net 
been obtained; however, one o f the strains first described by Barns et a/*3 has been highly 
enriched97. To the best o f our knowledge, no single species has been isolated in pure culture 
to date. All known korarchaeotal strains have been identified via additional molecular 
ecology studies utilizing Korarchaeota specific primers for the 16S rRNA98-" .  To date, a 
single genome has been sequenced using the enriched cultures described above97. This 
species, Candidatus Korarchaeum cryptophilum 1 is currently the only confirmed organism 
within the kingdom though evidence suggests many more exist.
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1.3.4 Nanoarchaeota
The kingdom Nanoarchaeota (the dw arf archaea) was first proposed in 2002 with 
the discovery o f a novel archaeal species that could only be co-cultured84 with the 
hyperthermophilic crenarchaeotal species, Ignicoccus sp. strain KIN4I84' 100 (now known as 
Ignicoccus hospitalis88), which as described above, belongs to a genus that is highly unique 
in its own right. The new species, which thrives as a parasitic symbiont o f  Ignicoccus, was 
named Nanoarcheaum equitans, meaning “riding the fire sphere84. N. equitans is currently 
the only species representing Nanoarchaeota and is one of the smallest coccoid organisms 
currently known with a cell diameter o f 400nm84 and a genome of just 480K b101' 102. The 
size of the genome, which lacks genes for various critical metabolic pathways (i.e. lipid 
synthesis103) emphasizes the reliance o f  N. equitans on its Ignicoccus host47, 101. This has 
been further confirmed after analysis o f lipids from both N. equitans and Ignicoccus sp. 
KIN4I suggests N. equitans does not synthesize its own membrane lipids, but rather obtains 
lipids via selective uptake from its host103. The small genome also codes for several half- 
tRNA genes which are transcribed separately before being spliced together via the highly 
unique trora-splicing mechanism 104"106 described above (Section 1.2.4). With the 
publication o f some phylogenetic studies that have suggested Nanoarchaeota is better 
grouped as a lower-level taxonomic rank within the Euryarchaeota when considering an 
elevated rate o f evolution76' 102, the validity o f  this kingdom is still being debated. The 
kingdom Nanoarchaeota and its lone occupant have been further reviewed by Huber et
1.3.5 Thaumarchaeota
From the Greek word ‘thaum as', meaning wonder76, Thaumarchaeota is the newest 
o f the five archaeal kingdoms. The formation o f the novel kingdom was proposed in 2008 
by Brochier-Armanet et al76 based on phylogenetic studies that used ribosomal proteins and 
small subunit rRNA sequences in addition to genomic core gene sequences common to 
either Euryarchaeota, Crenarchaeota, or both. These studies showed the mesophilic, 
ammonia-oxidizing species, Cenarchaeum symbiosum, which was previously believed to 
belong to the kingdom Crenarchaeota, actually branched at a node in the phylogenetic tree 
that placed the organism in a sister group to a clade comprised of the Euryarchaeota and 
Crenarchaeota kingdoms76. This would suggest the Thaumarchaeota speciated before the 
speciation o f the two larger kingdoms76; however, the use o f a single species to properly 
identify a novel kingdom was less than desirable. Several molecular ecology studies have 
identified a substantial number o f potential thaumarchaeotal genetic signatures in a wide 
variety o f mesophilic environmental samples (briefly reviewed by Spang et a /87). The large 
number o f detected ammonia-oxidizing archaeal species has led to suggestions that these 
organisms may play a substantial role in global nitrogen and carbon cycles76, 87. The 
isolation108 and subsequent genome sequencing109 o f the marine archaeon Nitrosopumilus 
maritimus, followed by the isolation110 and draft genome sequence determination87 o f 
Nitrososphaera gargensis has helped to resolve the phylogenetic relationships within the 
proposed Thaumarchaeota kingdom. Additional phylogenetic analysis including these 
novel species has shown that the Thaumarchaeota are in fact a distinct, and deeply 
branching, lineage within the archaeal domain; however, the phylogenetic positioning o f  
the thaumarchaeal kingdom can not yet be unambiguously resolved.
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1.3.6 Evidence for a Sixth, Un-named Archaeal Kingdom
A recent study utilizing the composite genome sequence of a currently uncultured 
archaeon, Candidatus Caldiarchaeum suhterraneum , has suggested the potential for an 
additional novel kingdom111. Nunoura et a lU] conducted phylogenetic studies in 2011 that 
suggested the uncultured species belonged to a novel taxonomic group that branched deeply 
within the archaeal domain. The genomic sequence was shown to contain commonalities 
with the other archaeal kingdoms as well as some features typical o f  the Eucaryaxn. 
Unfortunately, C. suhterraneum  is the only species currently known to exist in this 
phylogenetic group and it is not yet available as a pure culture. Until additional species 
related to this organism can be identified via molecular ecology studies or isolation in pure 
culture and included in new phylogenetic analyses, the existence of this potentially novel 
archaeal kingdom can not yet be confirmed.
1.4 A Brief Introduction to Haloarcula marismortui
1.4.1 Isolation and Growth o f the Laboratory Strain
The current laboratory strain o f  Haloarcula marismortui was isolated by Ginzburg 
et a ln l  during the 1960’s under the name “Halobacterium  o f the Dead Sea” . The organism 
was believed to have been previously identified as Halobacterium marismortui by Elzari- 
Volcani during his work at the Dead Sea113; however, the strain was never deposited into a 
culture collection and was eventually considered lost114. The new strain isolated by 
Ginzburg et alu 2 was eventually deposited into a culture collection and was later described 
by Oren et a l114 who identified the organism as being morphologically similar to 
Haloarcula californiae and as having similar properties to those first described by Elzari- 
Volcani for Halobacterium marismortui; however, the new organism possessed properties
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that were exceptions to those described for both o f the latter species leading to the proposal 
o f the name Haloarcula marismortui (marismortui meaning “o f the Dead Sea”).
Har. marismortui is a m otile115 (though originally described as non-motile114), 
obligatorily aerobic, chemoorganotroph that has the ability to utilize a wide variety o f 
compounds such as glucose, sucrose, fructose, glycerol, acetate, succinate, and malate as 
sole carbon sources114. Cells have been described as pleomorphic, flat disks with 
measurements o f 1-2 by 2-3pm 114 with a tendency toward the rod shape112. Growth occurs 
in media containing 1.7 to 5.1M sodium chloride (NaCl) with optimal growth occurring in 
concentrations o f 3.4 to 3.9M at an optimal temperature o f 40 to 50°C114. The intracellular 
potassium ion concentrations within Har. marismortui have been reported to be in excess of 
3M which may be explained by previous reports suggesting that many halophilic archaeal 
species sequester potassium ions within the cell116. It is believed Har. marismortui 
sequesters the ion and achieves this substantially elevated internal salt concentration as a 
mechanism o f balancing the osmotic pressure experienced in its native hyper-saline 
environment112.
1,4.2 Haloarcula marismortui as a Model Organism
Haloarcula marismortui is arguably one o f the most important organisms to modem 
molecular biology as it is widely regarded as a model for studies pertaining to the 
eucaryotic ribosome. Attempts to assess the structure o f  the highly complex, large 
ribosomal sub-unit began in the 1980s with reports o f  the successful isolation o f  ribosome 
crystals obtained using ribosomes from Har. marismortui . The native environment in 
which these cells thrived suggested their proteins and nucleic acids should be highly stable 
in high-salt environments, thus making their ribosomes a favourable choice for attempts at
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crystallization using solutions near saturation. As time progressed, the laboratory o f 
Thomas A. Steitz also began working toward obtaining a high resolution X-ray crystal 
structure o f the large ribosomal sub-unit and in 19 9 8  the group published a crystal structure 
with 9 A  resolution118; far exceeding the previous resolution o f only 20A 119. Steitz’s group 
followed this up a year later with the release o f  a structure with 5 A  resolution120 then, at the 
turn o f the decade, they published the current 2 . 4 A  resolution crystal structure o f  the large 
ribosomal sub-unit121. Steitz was awarded a Nobel Prize for this work in 2 0 0 9 1 1 9  and today 
the crystal structures obtained from Har. marismortui are widely used as structural models 
for the eucaryotic ribosome due to their simplistic similarities.
1.4.3 Novel Photo-Active Rhodopsins
Most halophilic archaeal species possess several microbial rhodopsins comprising a 
family o f trans-membrane proteins that utilize a photo-response to mediate ion transport as 
a means o f  harvesting solar energy or act as receptors for phototaxis122' 123. Until recently, 
haloarchaeal species were believed to possess 4  unique rhodopsins124' 125. These consisted 
o f a photo-dependent proton pump (bacteriorhodopsin)126, a photo-dependent chloride 
pump (halorhodopsin)127' 128, and two sensory rhodopsins, one o f which mediates both 
attractant and repellent phototaxis (sensory rhodopsin I)129’ 130 and one o f  which mediates 
repellent-specific phototaxis (sensory rhodopsin II)123’ 131. A recent study by Fu et a lm  has 
shown Har. marismortui to be unique from other halophiles in that it possess a novel, 
highly refined six-rhodopsin system. This system provides Har. marismortui with a more 
diverse photo-sensing ability in comparison to other halophiles as the absorption spectra o f 
the six rhodopsins provides a broader distribution o f wavelength maxima utilized. A photo­
driven ion transport system that contains two isochromatic rhodopsins that, as o f yet,
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appear to be identical in function and level o f expression is also present. Additionally, Fu et 
a l]2i report a sensory-like rhodopsin protein containing a shortened cytoplasmic region o f 
unknown function that does not induce phototaxis and suggest this novel photo-dependent 
protein may play a role in photo-adaptation or regulation o f a circadian rhythm.
I.5 Objectives
Today our expanding knowledge base o f  these unique and fascinating organisms is 
made clearly evident by searching the online PubMed Central archival database 
(http://www.ncbi.nlm.nih.gov/pmc/) using the search term “ArchaeaP’ which returns
II,000 related articles published since January o f 1995. A brief survey o f  these articles 
suggests very few, if  any, studies have been conducted pertaining to the cellular response o f 
halophilic species to changes in extracellular ion concentrations. More specifically, there 
appears to be only a single publication that has investigated intracellular potassium ion 
concentrations in haloarchaea and this publication provided evidence that has contradicted 
recent, unpublished findings in our lab. Additionally, o f the studies utilizing RT-qPCR 
techniques as a primary tool for quantitative molecular studies in archaeal species, none 
appear to adhere to the guidelines for the minimal information for the publication o f 
quantitative PCR experiments (the MIQE Guidelines; Chapter 3) as published in 2009132. A 
concerning lack o f confirmed RT-qPCR reference genes have been identified in archaeal 
species which is likely the largest contributing factor to the latter. In an attempt to address 
both o f these concerns, the goal o f the research described in the following chapters is tw o­
fold:
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1. Assess the cellular response to potassium stress in Haloarcula marismortui via 
determination o f cellular generation times and changes in intracellular potassium 
concentration across a wide range o f extracellular potassium concentrations; and,
2. Identify multiple candidate RT-qPCR reference genes and confirm the stable 
expression for each across various growth conditions in order to provide the 
archaeal scientific community with a starting point for reference gene identification 
in other species.
Changes in cellular generation time is a key indicator o f  cellular stress and will 
illustrate Har. marismortui’s ability to adapt to changes in its native environment. The 
additional assessment o f the intracellular ion concentrations obtained from cells grown at 
various extracellular potassium concentrations will not only confirm or deny previously 
reported intracellular concentrations, but will provide valuable information pertaining to 
physiological changes that occur while Har. marismortui adapts to its changing 
environment. Moreover, this could potentially provide insight into changes in ion 
transporter activity and physiologically optimal ion concentrations. In addition to the latter, 
the identification o f novel RT-qPCR reference genes will provide the framework for further 
studies regarding differential gene expression in Har. marismortui. More specifically, this 
will provide the framework for an RT-qPCR-based investigation into the differential 
expression of membrane bound ion transport proteins and further define the first o f the two 
above objectives.
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Chapter Two 
Evaluation of Potassium Stress Responses in the Halophilic 
Archaeon, Haloarcula marismortui. 
2.1 Introduction
2.1.1 Growth Characteristics of Halophilic Species
Growth characteristics o f halophilic archaeal species have been only minimally 
studied. These studies have a tendency toward changes in growth characteristics with 
varying temperature and, to the best o f  our knowledge, have not examined changes in 
growth characteristics in response to specific ion stresses. A more recent investigation o f 
haloarchaeal growth kinetics by Robinson et a / 133 utilized a variety of species o f the family 
Halobacteriaceae and found cellular generation times within the family vary from 1.5 to 3 
hours and identified several species that have multiple temperature optima. The species 
most closely related to Haloarcula marismortui that was examined in this study was 
Haloarcula vallismortis, which produced an optimal cellular generation time o f 3.04 ± 0.20 
hours at an optimal temperature o f  43 - 49°C133.
The extent to which Har. marismortui growth has been characterized is limited 
largely to the initial characterization that accompanied the proposal o f the organism as a 
novel species in 1990114. The focus o f the other studies pertaining to Har. marismortui 
growth maintain a focus of examining substrate utilization and these publications appear to 
be extremely rare. A survey o f the literature has so far revealed only a single publication by 
Ginzburg et a lU2 stating a cellular generation time o f 5-6 hours for an unknown Dead Sea 
isolate, though other such publications may exist. This isolate is described as a highly 
pleomorphic cell type that demonstrated a tendency toward the rod shape and produced 
pink coloured cultures that deepened in colour with age112. Though this description does not
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allow for a definitive identification o f the isolate as Har. marismortui, it does describe this 
particular species extremely well. Several more recent publications have since cited this 
report as referring to Har. marismortui.
2.1.2 Ion Transport in Haloarcula marismortui and Related Species
2.1.2.1 Mechanisms of Osmoregulation
Ion transport in Har. marismortui has been studied to a far greater extent than the 
organisms growth characteristics. Ginzburg et a lxn produced what is likely the first report 
of ion transport in this species when they determined the cell water volume ( 1 . 2 2  ± 
0 .0 2 mm3; 1 . 2 2  ± 0.02pL ) 112 and corresponding concentrations o f  K+, Na+, and Cl’ within an 
unknown halophile isolate from the Dead Sea (described above) using primarily 
gravimetric methodologies. This investigation examined the intracellular concentrations 
across various stages o f growth and reported intracellular ion concentrations ranging from 
3.7 - 5M K+, 0.5 - 3M Na+, and 2.3 - 4.2M  Cl’. Ginzburg et a ln2 acknowledged that these 
concentrations were extreme and solutions o f 4-5M KC1 and 1-3M NaCl can not be 
prepared due to limitations o f solubility. They then go on to suggest that the activity o f the 
potassium ion is somehow limited within the cells, which would allow for extremely 
elevated concentrations. Moreover, the permeability o f the membrane134 lead them to 
suggest the mobility of K+ is largely restricted within the cells.
Neutron scattering has been recently used to examine cell water movement in Har. 
marismortui and revealed a slow-moving water component that accounts for approximately 
76% of the total cell water135. It has been suggested that this slow-moving cell water 
component is arranged around proteins within the cell as a solvation shell that may bind 
large amounts o f K+ in order to maintain the viability o f  halophilic proteins. I f  this is the
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case, it would confirm the notion made by Ginzburg et a l '12 regarding restricted K+ 
mobility.
As explained in an excellent review by O ren136 just over a decade ago, 
microorganisms in all domains o f  life utilize one o f two primary mechanisms for survival: 
(i) Cells sequester salts internally to concentrations that are osmotically equivalent to the 
extracellular salt concentrations forcing intracellular systems to adapt to, and function in, a 
hyper-saline environment, or; (ii) Cells maintain a low-salt intracellular environment and 
balance osmotic pressure through the synthesis o f  organic solutes, such as glycerol, glycine 
betaine, or sucrose, eliminating the need for the adaptation o f  intracellular systems. By 
these definitions, the observations described in the paragraphs above obviously indicate 
Har. marismortui, along with all other halophiles o f the order Halobacteriales126, utilizes 
the first o f these mechanisms for survival in their native hyper-saline environment.
2.1.2.2 Maintenance of a Potassium Gradient
Members o f the order Halobacteriales utilize the proton electrochemical gradient 
across the cell membrane to drive the expulsion of N a+ and sequestration o f K + 136. As 
reviewed by Oren136, this gradient is maintained via respiratory electron transport during 
aerobic growth or substrate-level phosphorylation through membrane ATPases. In the case 
o f members o f  the family Halobacteriaceae, which includes Har. marismortui, the proton 
gradient is generated directly via the photosensitive proton pump, bacteriorhodopsin126, lj6. 
The established proton gradient, as maintained by any of the latter mechanisms, is then 
used in conjunction with N a4/H+ antiporters as a primary mechanism to drive and maintain 
the N a+ gradient across the cell membrane136. Additionally, the accumulation o f  C f has 
been shown to occur via the photosensitive halorhodopsin transporter127' 128 and is also
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believed to occur through a co-transport mechanism with N a+ movement back into the 
cell136.
The accumulation o f K+ has been argued to occur via passive diffusion through a 
uniport system allowing for accumulation proportional to the magnitude o f  the 
electrochemical potential across the cell membrane as per the Nemst equation136, l37. A 
study o f K+ transport in the Haloarchaeon, Haloferax volcanii, has shown, however, that 
the intracellular concentrations o f K+ observed in this organism can not be accounted for by 
passive processes alone and ATP hydrolysis is required to actively transport K+ into the cell 
in order to reach the 3.6M intracellular concentrations that are maintained by Hfx. 
volcanii136, 137. An ATP-regulated, low-affmity K+ transporter that is similar to the Trk 
system found in Escherichia coli has also been documented136, 137. Overall, the 
accumulation o f intracellular K+ as a mechanism of osmoregulation is more energetically 
favourable than the mechanism o f synthesizing or sequestering organic solutes (ATP:K+ 
costs reviewed by Oren136); however, a trade o ff for an adaptation o f cellular processes to 
excessive salt concentrations is required.
2.1.3 Study Specific Objectives
The primary aim o f this study is to assess the cellular responses to potassium stress 
in Haloarcula marismortui as a means o f  addressing the lack o f growth characterization for 
this species. In order to achieve this goal cellular generation times need to be properly 
assessed. Growth was evaluated across a variety of conditions that encompass extreme 
changes in extracellular potassium concentration. Growth in the presence o f  the alternative 
monovalent cations o f lithium, rubidium, and caesium was also evaluated. Additionally, the 
intracellular concentrations o f K+, Li+, Rb+, and Cs+ were determined using modem
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analytical techniques conducted on cells grown under the extreme extracellular potassium 
concentrations used for cellular generation time analysis. This was done in an attempt to 
gain insight into Har. marismortui's ability to cope with ion concentration changes in its 
native environment and provide valuable insight into the organisms ion transport 
capabilities. These capabilities were further assessed via the determination o f intracellular 
alternative ion concentrations when potassium is at a minimal extracellular concentration 
and the alternative ion concentration is elevated. It is our hope that this evaluation o f 
growth and subsequent determination o f intracellular ion concentrations in the presence o f 
alternative monovalent ions may prove valuable while refining the known mechanisms o f 
halophilic osmoregulation.
2.2 Methods
2.2.1 Preparation of Haloarcula marismortui Cell Cultures
Har. marismortui cells were grown in 23% Salt W ater Modified Growth Media 
(23% S.W. MGM) as described by Rodriguez-Valera et a ln8’ 139. Cultures were incubated 
at 45°C with constant shaking at 250rpm. Consistent lighting conditions were maintained 
throughout growth to eliminate the possibility o f  changes in cellular generation times due to 
changes in stimulation o f photosensitive membrane proteins (bacteriorhodopsin126, 
halorhodopsin127,128, etc). Cells were continuously sub-cultured at mid-exponential growth 
(OD600 = 0.4-0.6) as a means o f maintaining continuously doubling cultures. Once cultures 
had been sub-cultured no less than 3 times, cells were defined as being in “balanced 
growth”. Media containing monovalent ions alternative to potassium was prepared as per 
the methods out lined by Rodriguez-Valera138' 139 with modifications. High-purity NaCl 
(Fluka; 99.999% by trace metal analysis) was used in the preparation o f the initial 30% salt­
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water solution and KC1 was excluded. Yeast extract and Peptone were added as described 
and 3.5M salt solutions containing the desired ionic salt (LiCl, RbCl or CsCl) were added 
with a volume that provided a lOOmM final concentration. M edia was then brought to a pH 
o f 7.5 using Tris-base and the media was adjusted to the final volume using Milli-Q H20 . 
In the case o f  the lOOmM LiCl growth media, the LiCl salt was added before the media was 
sterile filtered and autoclaved. For the RbCl and CsCl medias, the media was autoclaved at 
a reduced volume before adding the 3.5M salt solutions, adjustment o f pH and volume, and 
sterile filtering. Trace quantities o f  potassium in the high-purity NaCl stock leaves a K+ 
concentration in these media conservatively estimated at an 8 mM minima.
2.2.2 Determination of Cellular Generation Times
Cells were grown to balanced growth as described above in standard 23% S.W. 
MGM as well as in media containing 8 , 20, 220, 520, and 720mM KC1. Potassium 
concentrations below 8 mM were not obtainable due to trace levels of potassium in the high- 
purity NaCl salts used. Cultures were grown as a biological triplicate o f  technical replicates 
(i.e. one triplicate o f cultures per biological replicate). Cell densities for each culture were 
measured via spectrophotometry at a wavelength o f 600nm (ODgoo). Growth curves were 
constructed by measuring cell density at least once per generation time as determined by an 
experimental test culture. Measurements were averaged across all replicates then plotted 
against the growth time. In order to determine cellular generation times (Figure 2.1) the 
data were fit to the exponential portion o f the curve using the equation:
A = A 0ek'
Where A -  O D 6oo, Ao = Initial O D 60o, k  = growth constant, and t -  cellular generation time.
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2.2.3 Determination of Cell Density
The cell density o f a pink, rod shaped Halobacterium that had been isolated from 
the Dead Sea has been previously reported as 1.20g/mL112. As this description fits that o f 
Har. marismortui, the technique used in this report was adapted and repeated to confirm 
this result. Solutions o f NaCl and sucrose were prepared with a final NaCl concentration o f 
3.5M and variable sucrose concentrations to vary densities. Cells at mid-exponential 
growth (O D 6oo = 0.4-0.6) and at saturation (O D 6oo =: >0.7) were pelleted independently by 
centrifugation. Pellets were resuspended in a small volume o f  23% S.W. MGM to create a 
high viscosity cell suspension that was layered onto the NaCl/Sucrose solution. The layered 
suspensions were then centrifuged at 6,000rpm for 30 seconds. The sucrose solution that, 
upon visual inspection, allowed 50% o f the high viscosity suspension to travel 50% of the 
height o f the solution within the microcentrifuge tube was considered to be o f  equal density 
to the cells. Density o f NaCl/Sucrose solutions was determined gravimetrically.
2.2.4 Determination of Average Cell Volume
Using the procedures for constructing a growth curve, optical densities were 
measured at least once every experimentally determined generation time. Cells were then 
diluted 50-1000 fold and counted using a standard haemocytometer. A standard curve 
plotting the number o f cells/mL against the optical density o f  a cell culture grown under 
standard conditions was constructed and a line o f best fit applied (R2=0.997; Figure 2.2). 
To determine the average mass o f a single cell, the number o f cells in a given volume o f 
culture was determined using the equation y  = (2 x 1 0 9)x -  (2 ><1 0 7) where y  is the cellular 
density in terms o f number o f cells/mL o f culture and x is the optical density o f the culture. 
The volume o f culture was centrifuged at 13,000rpm for 5 minutes and the media was
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removed completely by pipette. The pellet was centrifuged a second time and residual 
media was aspirated off o f the pellet. A thin residue was observed on the walls on the 
micro-centrifuge tube containing the pellet after aspiration so a base-line mass for this 
residue was obtained by aspirating an equivalent volume o f growth media independently. 
This process was completed three times using 500, 750, and 1250mL o f cell culture. The 
average cellular density was then determined using the obtained average cellular mass and 
the density equation (p=m/v).
2.2.5 Evaluation of Intracellular Ion Concentrations
Cells in balanced growth in media containing 8 mM KC1, lOOmM KC1 (23% S.W. 
MGM) 720mM KC1, lOOmM LiCl, lOOmM RbCl, and lOOmM CsCl were centrifuged at 
13,000rpm for 5 minutes and all media was removed via pipette. Cell pellets were washed 
twice using the 8 mM KC1 media as a means o f washing excess ion away without lysing 
cells. Pellets were centrifuged a second time and residual media was removed via pipette. 
Cells were lysed in 5mL 1% nitric acid ( H N O 3 ; Milli-Q H 2 O )  and sonicated to break up 
small particles in the lysate. Induction coupled plasma-mass spectroscopy (ICP-MS; 
conducted by University o f Northern British Columbia’s Central Equipment Laboratory) 
was used to determine the concentration o f K , Li+ R b \  and Cs+ within each cell lysate. 
The measured concentrations were used to determine the approximate quantity o f ion 
within a single cell using the standard curve equation for cell number/mL described above, 
which in turn was used to determine the intracellular concentration for each ion using the 
previously determined average cellular volume.
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2.3 Results
Haloarcula marismortui growth was observed across the broad range of 
extracellular potassium concentrations examined. Generation time assessment confirms the 
use o f our standard growth conditions (lOOmM KC1) provide an optimal K concentration 
and produced a generation time o f 4.19 ± 0.14 hours. Growth occurs at concentrations as 
low as 8 mM KC1 and as high as 720mM KC1. The cellular generation time remained highly 
stable across the elevated K concentrations examined; however, as the extracellular K 
concentration was decreased the generation time increased sharply. Generation times for 
Har. marismortui growth on alternative monovalent ions was not assessed as growth was 
observed to become increasingly slower after each sequential sub-culture (Section 2.4).
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Figure 2.1. Exponential growth o f  Haloarcula marismortui under varying extracellular potassium 
concentrations. Curves were constructed by plotting OD 6nn against growth time. Optical density 
measurements were obtained once per generation time as determined by an experimental test curve for each 
condition. 23% S.W. MGM contains lOOmM KC1. Error bars are representative o f  standard deviation 
obtained from a triplicate o f biological triplicates. Curves were fit using the exponential growth equation. The 
resulting generation times can be found in Figure 2.2.
35
6.5
4.5
3.5
100 300 400 500 600 7000 200 800
[K+] (mM)
Figure 2.2 Average generation times obtained from the exponential growth curves (Figure 2.1) vs. 
extracellular potassium concentration. Error bars represent standard error obtained from the determination o f 
cellular generation times via the exponential growth equation.
Using an adaptation o f a previously reported method112 as described above, the 
density o f Har. marismortui cells was determined to be 1.20g/mL and confirms the result 
reported by Ginzburg et aln2. Centrifugation o f  a layered suspension o f cells resulting in 
50% of cells (by visual estimate) passing through the high-density solution occurred in a 
solution comprised o f 3.5M NaCl and 20% (w/v) sucrose which produced a scale density 
(determined by weighing varying volumes o f the solution) o f 1.20g/mL. Additionally, the 
construction o f a standard curve (Figure 2.3) relating a volume-specific cell count to the 
optical density has allowed for an approximation o f  a cellular mass o f  1 .81x l0 '12 ± 
0.144*10 '12g. When used with the density relationship (p=m/v), these two values have 
revealed a cellular volume o f 1.509x 10‘15 ± 0.12*10'15L (1.509 ± 0.12 fL) which allows for 
the determination o f intracellular ion concentrations as described above.
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Figure 2.3. A standard curve relating cell culture density to optical density at 600nm. Cells were counted via 
standard haemocytometer as described in Section 2.2.4. A line o f  best fit was applied to the curve to obtain an 
equation (shown on graph) relating cell culture density in cells/mL to the measured O D 6oo- Error bars indicate 
standard deviation.
Intracellular ion concentrations were determined by trace metal analysis o f  cellular 
lysates using ICP-MS. Typically, when Har. marismortui is placed in water, cells lyse 
completely; however, when the cell pellets were lysed in 1% HNO 3, cellular materials were 
clearly visible in the lysates. To overcome this and ensure the 5mL lysates were suitable for 
ICP-MS analysis, lysates were sonicated prior to sample loading. Trace metal analysis was 
conducted to identify the concentrations o f K+, Li+, Rb+, and Cs+ within the cell lysates. 
The ion concentrations within the 5mL lysates were then used in conjunction with the cell 
density standard curve and cellular volume described above to determine the intracellular 
concentrations for each o f the latter ions under various growth conditions. Figure 2.4 
illustrates variation in intracellular concentrations o f  K+ with respect to changes in 
extracellular KC1 concentration while Figure 2.5 and 2.6 illustrate variation o f  individual
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and total ion concentrations, respectively, when cells are grown under lOOmM LiCl, RbCl, 
or CsCl. Sodium ion was not included in these figures as the inability to wash cell pellets in 
an N a+-free buffer lead to Na* concentrations that were excessive and highly unreliable 
(Section 2.4).
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Figure 2.4. Intracellular concentrations o f  K+ obtained via trace metal analysis with ICP-M S. Concentrations 
were obtained by lysing cells grown to balanced growth under 8, 100, or 720mM  KC1 in 5mL 1% H N 0 3. The 
cell density standard curve (Figure 2.3) was used in conjunction with the optical density o f the culture to 
determine the number o f cells lysed. The num ber o f  moles o f  ion per cell were determ ined from ion 
concentrations obtained using ICP-MS and subsequently with the 1.509fL cellular volum e described above to 
determine intracellular ion concentrations.
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Figure 2.5. Intracellular concentrations o f Li+, R b+ and C s‘ obtained via trace metal analysis w ith ICP-MS. 
Concentrations were obtained by lysing cells grown under lOOmM LiCl, RbCl, or CsCl in 5mL 1% H N 0 3. 
Alternative ion cultures were inoculated 1:100 with cells grown to balanced growth under standard conditions 
then incubated at 45°C until mid exponential growth was achieved. The cell density standard curve (Figure 
2.3) was used in conjunction with the optical density o f  the cultures to determine the num ber o f  cells that 
were lysed. Concentrations obtained by ICP-MS were used to determine the number o f moles o f  ion per cell, 
which in turn was used with the previously determined cellular volume (1.509fL) to determ ine intracellular 
ion concentrations. Intracellular ion concentrations observed with growth under 8mM KC1 is provided for a 
com parison o f  concentrations typical o f  lim iting potassium  conditions.
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Figure 2.6. Total intracellular ion concentration o f monovalent cations examined in Har. m arism ortui after 
growth on lOOmM concentrations o f the alternative monovalent ions o f interest as described in Figure 2.5. 
Total ion concentrations are given as the sum o f all individual ion concentrations. Intracellular ion 
concentrations observed with growth under 8mM KCI is provided for a com parison o f  concentrations typical 
o f  lim iting potassium conditions.
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2.4 Discussion
Haloarcula marismortui has exhibited an optimal generation time o f 4.19 ± 0.14 
hours when grown under standard, lOOmM KCI, conditions at 45°C. As the KCI 
concentration in the media was decreased to the minimally attainable 8mM concentration, 
the cellular generation time increased to 5.91 ± 0.60 hours. The increase in generation time 
is likely indicative o f an inability to sequester sufficient potassium to maintain proper 
intracellular functions or a result o f changes in cellular energetics. Moving towards the 
opposite end o f the spectrum, as extracellular KCI was increased to 220mM the generation 
time increased from optimal to 4.56 ± 0.23 hours and slowed only slightly to 4.69 ± 0.33 
hours at KCI concentrations o f 720mM. This suggests the demand for intracellular K+ is 
likely being met and the slowed growth is potentially occurring due to ionic stress 
associated with the elevated total ion concentration and/or sub-optimal function o f 
intracellular systems due to excessive intracellular K+ concentrations. Both o f the latter 
explanations for this observed increase in generation time are discussed in detail below. 
Previous cellular generation times have been determined for several members o f the family 
Halobacteriaceae and have been reported as ranging from 1.5 to 3 hours 133 with some 
species exhibiting generation times in excess o f  6 hours137, thus placing the results 
described above on par with the existing literature.
Through a crude adaptation o f the centrifugation technique described by Ginzburg 
et a lU2, the density o f Har. marismortui cells were determined. This process involved 
visually estimating the quantity o f cells that were pulled through solutions comprised o f 
varying concentrations o f sucrose and sodium chloride during centrifugation in order to 
estimate the density. Since Ginzburg et a lxn completed this task with far greater precision, 
rough confirmation o f their result was only required as the identity o f the species they were
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using was unknown. Confirmation o f  a cellular density o f 1.20g/mL allowed for the 
determination o f a cellular volume. Ginzburg et a lu 2 reported the volume o f their isolate as 
1.22mm3 (1.22uL) which is extremely large in comparison to the 1.509nm3 (1.509fL) 
volume determined by the methods described here. Considering human erythrocytes (red 
blood cells) have been reported as having a 90fL volum e140, the volume reported by 
Ginzburg et a lu 2 appears to be severely over estimated. Even though the attempt at 
eliminating the mass o f the proteinaceous surface layer, proteins, and membranes was not 
done here, but was done by Ginzburg et a lu2, our obtained volume appears to be a far more 
reasonable estimate considering Har. marismortui cells are substantially smaller than most 
eucaryal cells.
The intracellular ion concentrations o f Na+ that were observed were extremely 
elevated and would not intuitively be expected with the presence of a well-maintained Na+ 
concentration gradient. Since the cell pellets were washed with the minimal potassium 
media prior to lyses in nitric acid, it is very possible a small excess o f  media was held 
within the pellet and on the pellet surface. It is extremely difficult to obtain an accurate 
measure o f the intracellular N a4 concentrations using the methods described here as cell 
pellets must be washed prior to trace metal analysis. All wash steps conducted here were 
completed using a high-sodium environment to prevent cell lysis due to abrupt changes in 
osmotic pressure, which is likely to skew results towards a higher observed concentration; 
therefore, the intracellular concentrations of N a+ have been excluded from Figure 2.4. 
Although it was not used for this study, it may be possible to utilize a cell wash 
methodology that relies on polyethylene glycol (PEG) to maintain osmotic pressure. This 
would reduce the need for incorporating excess sodium chloride into the wash buffers and 
may produce slightly more reliable results.
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Additionally, the variation we observed in the calculated intracellular N a+ 
concentrations (data not shown) is very likely due to space-charge effects141’ 142 that can be 
observed when conducting ICP-MS analysis o f  lighter ions at high concentrations. These 
effects occur with the mutual repulsion o f  positively charged ions, which forces ions out o f 
the argon plasma laterally within the instrument. This results in an overall lower sensitivity 
and occurs more noticeably at high ion concentrations. Space-charge effects are less 
apparent with ICP-MS analysis o f heavier atoms due to their slower overall momentum 
within the argon plasma. The high concentration o f  NaCl in our standard growth media, and 
potentially within, or on the exterior o f the cell pellets after washing, makes ICP-MS 
analysis o f Na* exceedingly difficult and suggests the obtained results are highly unreliable.
The intracellular K+ concentration within Har. marismortui cells have now been 
shown to be 2.02M under standard/optimal growth conditions (Figure 2.4). This 
concentration was reduced to 1.38M when grown under minimal potassium conditions 
(8mM KCI), which demonstrates this species ability to scavenge K+ from its environment 
in order to maintain the suitable internal salt concentration that is required for 
osmoregulation. As suggested above, the increase in generation time for growth at this 
concentration o f extracellular KCI could be indicative o f  an inability to sequester sufficient 
potassium to maintain the optimal function o f intracellular systems. The decreased 
intracellular K+ reported further supports this notion.
A change in available cellular energy production could provide a second possible 
explanation for the observed variation in cellular generation time as it is highly plausible 
that the cell is required to spend additional energy on maintaining a steady potassium 
gradient. Potassium efflux (leaking; spillage) has previously been shown to occur in a 
reversed manner through low-affinity potassium transporters such as the Trk symport
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system in E. coli resulting in a futile cycling o f potassium ions143. A similar occurrence in 
the homologous system in Har. marismortui would mean additional energy is required to 
maintain a gradient through the use o f high-affmity, ATP-driven transporters under limiting 
extracellular K+ concentrations since efflux would occur more readily under these 
conditions. The increased energy requirement to maintain a steep K+ gradient would leave 
less energy available for other cellular process thus cellular generation time would be 
expected to increase. This is supported by the dramatic increase in generation time that was 
observed under limiting extracellular K+ concentrations and only a mild increase in 
generation time under extremely elevated extracellular K+ concentrations.
The Trk system does not hydrolyze ATP to function, but rather utilizes it for 
regulatory purposes only (reviewed by Oren et a /136). As pointed out by Oren et a lii6, it is 
possible that an increased demand for K* uptake through the Trk system could immobilize 
a substantial quantity o f ATP if  regulation occurs through the binding o f ATP in a 
transporter active site or allosteric site. This in turn would limit the concentration o f ATP 
available for other cellular processes. Oren et a /136 also state that, at the time o f their review 
on the bioenergetic aspects o f halophilism, a high-affmity potassium transport system 
similar to the Kdp system found in E. co//136, 143 had not yet been identified in any o f the 
haloarchaeal species. A survey o f  available literature suggests that although a haloarchaeal 
high-affmity system such as this remains elusive, its non-existence remains to be proven. 
Therefore, a high-affmity potassium transport system or significant immobilization o f ATP 
by the Trk system could still potentially be the cause o f reduced energy stores available for 
normal intracellular processes which would explain the severely increased generation time 
observed under limiting K ' concentrations.
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Alternatively, the intracellular K+ concentration was observed to increase to 2.45M 
when grown in the presence of 720mM KCI. One possibility for this increase could be that 
Har. marismortui is unable to regulate the internal salt concentration in response to 
elevated extracellular KCI concentrations and will sequester additional ions if  they become 
available, thus producing elevated, sub-optimal internal salt concentrations. Because the 
latter energy requirement would not be expected to exist when cells are growing under high 
K+ concentrations, the argument for a change in cellular energetics due to potassium efflux 
is far less plausible in this case. The gradient under these high extracellular K+ 
concentrations is only a fraction o f the strength o f the gradient formed under standard 
conditions and a far smaller fraction o f the strength o f the gradient formed under limiting 
potassium conditions. It is therefore far more probable that the more subtle increase in 
generation time that was observed can be attributed to sub-optimal function o f  intracellular 
systems due to an inability to regulate K + uptake as described above. Regardless o f which 
o f these suggestions is actually occurring, an additional stress, whether intracellular, 
extracellular, energetic, or a combination thereof, is being exerted on the cells under these 
conditions resulting in an increased cellular generation time.
It is also possible observed increases in generation time under elevated extracellular 
K+ concentrations is in response to the increased ionic stress being exerted on the cells in 
this media. Since extracellular NaCl was not decreased when KCI was increased, a constant 
total ion concentration was not maintained. Countless publications have described the 
numerous signalling pathways that are affected by ionic stress in both bacterial and 
eucaryal cells indicating ionic stress such as that placed on cells in this study may have a 
profound effect on cellular generation time. Further investigation of ionic stress responses 
in Har. marismortui is still required.
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Rubidium has been previously used as an aid to ion transport studies after another 
halophilic archaeon, Haloferax volcanii, was shown to uptake Rb+ during K+ starvation. 
This attribute has been exploited in an attempt to estimate the quantity o f permanently 
bound K+ within these cells by forcing a maximum quantity o f  mobile K+ ions out o f the 
cell via exchange with Rb+ i37. The publication in which this was reported suggests that 
50% of the K+ in Hfx. volcanii is exchangeable with Rb+ indicating up to 1.8M 
concentrations o f K+ is free and non-bound while the remaining fC (up to 1.5M) is tightly 
bound within the cells137. The findings outlined above appear to be agreeable with this 
statement and appear to confirm this finding in a second halophilic species. W hen grown in 
media containing lOOmM RbCl the intracellular K+ concentration dropped to 0.51 M while 
intracellular R bh increased to 0.65M. Though this would suggest confirmation o f the 
previous report, the concentration o f contaminating K+ in the NaCl used for media 
preparation must also be considered before these findings can be confirmed. Even with the 
use o f NaCl that has been assessed as 99.999% pure by trace metal analysis, potassium 
remains present in the stock sodium salts at concentrations 5mg/Kg NaCl and to unknown 
concentrations in the majority o f  other reagents used. This corresponds to a conservative 
estimate o f  an excess o f 8mM potassium in the growth media. As this is the lowest 
attainable K + concentration, the possibility that the apparent exchange o f Rb+ with mobile 
K+ ions, as observed in Figure 2.5, is actually an accumulation o f both K+ and Rb+ from the 
media can not be ruled out. The previous suggestion that the remaining intracellular K+ 
concentration is non-mobile and bound within the cell (as per observations in Hfx. 
volcanii), though supported by the neutron scattering experiments described in section
2.1.2.1 above, can not be confirmed until a growth media can be prepared with substantially 
lower K+ concentrations that will allow for improved evaluation o f ion exchange. Although
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these studies were not conducted in Har. marismortui, it does not appear likely that the 
authors o f that publication accounted for the presence o f contaminating potassium in their 
salt stocks. It is instead more likely that Hfx. volcanii and Har. marismortui are 
accumulating both K+ and Rb+ without, or with minimal bias as a means o f osmoregulation.
A similar result is observed when cells are grown in the presence o f  caesium, albeit 
to a lesser extent. Figure 2.5 shows Cs+ is sequestered internally to concentrations o f 0.32M 
and the intracellular K+ concentration falls to 0.90M when Har. marismortui is grown in 
the presence o f lOOmM CsCl. This is again quite likely an unbiased accumulation o f both 
ions as a means of maintaining osmoregulation. The similar chemistries, and potentially 
similar hydration o f these ions may allow for transport o f Cs+ into the cell via established 
K + transporters. The ATP-regulated K+ transporter that is similar to the Trk system found in 
Escherichia coliu6' 137 may provide additional merit to the latter statement. Previous work 
has shown that the Trk system, specifically the low-affinity K+ uptake protein trkd, is 
capable o f transporting Rb+ and Cs+ in addition to K+ in some bacterial species144' 14S, but 
only K ' or Rb+ in others. The presence o f this system in members o f  the family 
Halobacteriaceae makes the transport o f  the alternative ions via this transporter quite 
plausible. The high chemical and size similarity o f Rb+ to K+ (as observed from the well 
established trends in the periodic table) explains the near identical intracellular 
concentrations observed o f these two ions when grown in lOOmM RbCl. The observed 
intracellular concentration o f Rb+ is slightly higher than that o f  K + which is likely due to a 
larger abundance of the ion. Alternatively, the lower concentration o f Cs+ in comparison to 
K+ observed when cells were grown in lOOmM CsCl can be explained by the substantially 
larger size o f the Cs+ ion making transport o f this ion more difficult. Similarities in the K +, 
Rb+, and Cs+ hydration shells could also explain the observed patterns in the uptake o f
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these ions. Previous reports have shown that specific hydration patterns are required within 
the transport channel in order for potassium transport channels to accurately select K+ ions 
as they are moved across the cell membrane in E. coli146. Therefore, even though the size of 
the Rb+ and Cs+ ions differ from that o f  the K+ ion (Cs+ to a far greater extent) which 
should be a preliminary selective bias, the potential for these ions to form the proper 
hydration shell after the initial stripping o f water from the ions at the transporter entrance 
could be the cause for reduced selectivity.
The accumulation o f L i+ as an alternative to K + does not appear to occur when 
grown in lOOmM LiCl; however, Li+ concentrations observed in Figure 2.5 (0.02M) may 
not be overly accurate due to the space-charge effect that occurs with lighter atoms during 
ICP analysis (described above). This may suggest the actual intracellular concentration 
could possibly be substantially higher. That being said, because a decrease in K+ 
concentration is not observed in these cells in comparison to those solely grown under 
8mM KCI , as was observed with growth in the presence o f RbCl and CsCl (See Figure 
2.5), it is unlikely Har. marismortui is sequestering Li+ under limiting potassium 
conditions. Given the available data, it seems more plausible that cells are scavenging K+ 
from the extracellular media when grown in the presence o f Li+ and the ion is excluded 
from the cell exclusively presumably due to the substantially smaller size o f the ion.
2.5 Conclusion
The resilience and adaptability o f Haloarcula marismortui to respond to changes in 
its native environment has been clearly demonstrated through the evaluation o f growth 
characteristics during potassium stress. Cellular generation times increase substantially as 
extracellular potassium reaches minimal concentrations and these changes in generation
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time are reflected by changes in intracellular ion concentrations. Under minimal K+ growth 
conditions, intracellular K+ is reduced by approximately 30%, which is presumably near the 
lower concentration limit required to maintain internal cellular functions. The drastically 
increased generation times observed under limiting K+ concentrations has been attributed to 
a decrease in energy available to maintain cellular processes due to the amount o f 
additional ATP that is either being hydrolyzed by a high-affmity potassium transport 
system or immobilized by the Trk system during regulation o f  that transporter.
Alternatively, intracellular K+ concentrations increase by nearly 25% when cells are 
grown on 720mM KCI. Cellular generation times remain steady, but sub-optimal, as K+ 
concentrations increase toward total salt saturation. We have suggested that the mild 
increase in observed generation time under these conditions is likely due to poor regulation 
o f K+ uptake. This is likely to result in sub-optimal operation of cellular systems as 
intracellular K+ concentrations begin to affect protein folding and function, but not to a 
point o f complete detriment. Although total ionic stress could be the result o f the observed 
increase in generation time, this suggesting needs to be further evaluated.
On a final note, since the dry mass o f the cell pellets was not measured in order to 
account for the mass o f cellular components, the calculated cellular volume is likely 
slightly overestimated. Therefore, the intracellular concentrations reported above are likely 
to better serve as a report o f the total concentration o f each ion bound by the cell as a 
whole, and should not be regarded as only the concentration o f free ions in the cell water.
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Chapter Three
Identification of Novel RT-qPCR Reference Genes in Haloarcula marismortui 
3.1 Introduction
3.1.1 A Brief History of RT-qPCR
Reverse-transcription quantitative Polymerase Chain Reaction (RT-qPCR) is 
becoming an increasingly popular analytical method for the analysis o f gene expression. As 
the name suggests, the technique is a modification on the traditional Polymerase Chain 
Reaction (PCR). In 1992, Higuchi et a /147 modified the PCR in a manner that allowed for 
the detection o f specific double-stranded DNA amplicons without opening the tube. This 
was accomplished by conducting the PCR in the presence o f ethidium bromide and 
monitoring the increase in fluorescence via fibre optic cable and fluorometer as the reaction 
progressed. Higuchi et a /148 improved this method in 1993 by utilizing a video camera to 
continuously monitor the fluorescence increase throughout the PCR. The kinetics o f 
ethidium bromide fluorescence accumulation were found to be directly related to the 
number o f  DNA template copies in the reaction mixture, thus providing a basis for m odem  
real-time monitoring of the PCR.
In 1996, Gibson et a lU9 utilized reverse-transcription and a target-specific, dual­
labelled fluorogenic probe containing a reporter dye and a quenching dye described earlier 
by Livak et a /150 in a real-time mRNA quantification assay. W hen the probe was intact the 
reporter dye would be quenched due to the close proximity o f the quenching dye; however, 
upon probe hydrolysis via DNA polymerase 5 ’-exonuclease activity151, the quencher would 
be released from the reporter and fluorescence would be observed. This allowed for real­
time monitoring o f  a specific cDNA target sequence during PCR amplification and the
49
subsequent quantification o f  a specific mRNA within a sam ple149. M odem RT-qPCR 
probes, chemistries, methodologies, instruments, and data analysis has since been 
extensively reviewed by S.A. Bustin152.
In 1999, Gygi et a /153 determined that the number o f mRNA transcripts in 
Saccharomyces cerevisiae as obtained by RT-qPCR did not correlate to expressed protein 
levels. This showed that mRNA levels are not always directly related to the expression o f 
their translated protein counterpart and thus, one o f  the major pitfalls o f  RT-qPCR data 
interpretation was identified. Bustin et a /154 has extensively reviewed additional pitfalls 
pertaining to various RT-qPCR methodologies and trends that have been observed in more 
recent years with respect to the reporting o f RT-qPCR results. O f particular importance is 
the linearity o f the reverse-transcription step. As explained by Bustin et a /154, the synthesis 
o f cDNA via reverse-transcription can be conducted using random, deoxythymidine 
oligonucleotide (oligo-dT), or target-specific primers, each o f  which produce differing 
yields, variety, and specificity. The calculated mRNA copy number obtained by RT-qPCR 
can vary widely based on the chosen methodology. Many o f the remaining major pitfalls 
associated with this highly sensitive technique stem from the analysis o f obtained data and 
how it is reported. Bustin et a /132 attempted to clarify this as described below.
3.1.2 The MIQE Guidelines
Since the introduction o f RT-qPCR investigators have been utilizing a diverse range o f 
reagents, protocols, data analysis methods, and publication formats. As described above, 
there are pitfalls associated with these methodologies due to typically unacknowledged 
variables throughout the RT-qPCR process154. In 2009 Bustin et a ln i observed the 
enormous lack o f consistency across publications using qPCR data and specifically
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identified several recurring technical deficiencies limiting reproducibility or assay 
performance. These deficiencies include inadequate sample collection, preparation, quality, 
and storage, poor choice and optimization o f  primers and probes for the PCR, and the 
generation o f potentially misleading results due to inappropriate analysis o f data. In an
132attempt to bring consistency to future publications utilizing RT-qPCR, Bustin et al 
proposed a set o f guidelines for the Minimum Information for publication o f Quantitative 
real-time PCR Experiments (MIQE Guidelines). This document clarifies terminology as it 
applies to the technique and the proper use o f  that terminology, as well as proposing an 
“industry standard” for methods o f primer design, sample preparation, RNA integrity 
analysis, controls, reverse-transcription, qPCR assays, data analysis, and publication o f RT- 
qPCR results. If  followed, all published data would follow a consistent, standard minimum 
format constructed from reliable and reproducible data.
The MIQE guidelines outline several specific considerations that must be taken into 
account while designing, conducting, and publishing the results o f RT-qPCR assays. These 
experimental and publication considerations, starting with sample preparation and ending 
with the analysis o f data (Section 3.1.3.1 -  3.1.2.7), are briefly outlined below as originally
132proposed by Bustin et al :
3.1.2.1 Sample Preparation
The detailed reporting o f tissue sample collection and processing is a necessity. 
Publications should clearly state where tissue samples were obtained and whether or not 
they were immediately processed. If  samples are stored for any length o f time it is 
necessary to report the method, length, and conditions o f preservation. The extraction o f 
nucleic acid is a critical step as extraction efficiency depends on a number o f factors
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including the amount of biomass initially processed, physiological status, and adequate 
sample homogenization. The details o f  the method o f extraction used should also be clearly 
reported. The extent o f genomic DNA contamination should be tested and reported along 
with the threshold cut-off criteria that was used to determine the amount o f tolerable 
contamination. Reporting o f the type o f  DNase and the corresponding reaction conditions 
used is essential if  the RNA sample was treated with such.
3.1.2.2 RNA Quantification and Quality Assessment
Quantification o f RNA in extracted samples is critical when conducting RT-qPCR 
assays and it is necessary to report the methods used to measure the concentrations and 
RNA quality in detail. Most common methods o f RNA quantification will produce varying 
results when compared to alternative methods making it difficult to compare data obtained 
by one method to those obtained from another. With several methods available such as 
spectrophotometery, micro fluidic analysis, or capillary gel electrophoresis, it is 
recommended that only a single method be used to maintain consistency in results. The 
preferred method utilizes fluorescent RNA-binding dyes which are ideal for the detection o f  
low RNA concentrations. The quality assessment o f RNA templates is also an essential step 
and can only be bypassed when the quantity o f  extracted RNA is not sufficient enough to 
allow for quality assessment or when extraction and RT-qPCR steps are being performed as 
a continuous, single-tube experiment. Gel electrophoresis evidence of RNA integrity should 
be reported at minimum.
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3.1.2.3 Design of Primers and Probes
Several in silico tools, such as BLAST, are useful aids in the design o f primers for 
RT-qPCR assays. Publications must provide primer sequence information as well as an 
assessment of primer specificity. The structure o f the target nucleic acid should also be 
considered. Secondary structures may have an impact on reverse-transcription and PCR 
efficiency. In silico nucleic acid-folding tools such as mFold should be utilized when 
considering the positioning o f primers or probes on the target molecule. This folding 
structure data should also be made available to reviewers at the time o f manuscript 
submission. The primer supplier’s lot information and experimental validation criteria are 
also required to be provided in publications. Predicted primer homology to unexpected 
targets or pseudogenes should be provided to reviewers as aligned sequences; however, 
direct experimentation must be conducted to validate prim er specificity during assay 
optimization. Additionally, although in silico tools for the prediction o f  primer annealing 
temperatures (Ta) exist, the optimum temperature for annealing should still obtained 
experimentally. Although primer optimization is not commonly practiced, it is critical as 
poor optimization can have substantial effects on assay quality.
3.1.2.4 Reverse Transcription: Synthesis of cDNA
Reverse transcription can introduce substantial variation in an RT-qPCR assay. A 
detailed description o f the reagents and protocol used in the formation o f cDNA from RNA 
must be provided. This description should include the quantity o f RNA that was reverse- 
transcribed, the priming strategy, the type o f enzyme used, volume and temperature o f the 
reaction, and duration o f the reverse-transcription step. This step should be carried out in
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duplicate or triplicate and the total RNA concentrations should be identical across 
replicates.
3.1.2.5 The qPCR Assay
The detailed reporting o f  RT-qPCR assay information is required in publications. 
This information must include database accession numbers for all target and reference 
genes, the locations o f each primer and probe on the exon, sequences and concentrations o f 
each oligonucleotide, and the identity, position, and linkages o f any dyes or modified bases 
used. Reaction conditions including the identity and concentration o f the polymerase, the 
exact compositions o f buffers, the M g2+ concentration, and the reaction volume are also 
required in publications. In addition to the above investigators must identify the instrument 
being used, document the cycling conditions, and report the identities and manufacturers o f 
single tubes, strips, or plates as these consumable items can affect thermal cycling. The 
method o f sealing used should also be reported when using plates.
3.1.2.6 Controls
As with any scientific experimentation, the use o f  controls in RT-qPCR is required. 
These should include no-reverse transcription controls during the reverse-transcription step 
as well as the use o f NTC’s should be included on each plate or with each sample set when 
running RT-qPCR assays. Conditions for data rejection should be established with these 
controls in mind. Positive controls will allow for monitoring o f  variation between assays 
and must be used when calibration curves are not being conducted for each run. 
Investigators must be aware that most quantitative RNA data are relative rather than 
absolute. Standardization o f results is required and can be achieved through the use o f
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reference genes. The assessment o f the validity o f experimental results must consider the 
relative quantification reference and whether or not it is appropriate.
3.1.2.7 Analysis of Data
In order for RT-qPCR data to be considered viable, assay performance 
characteristics must be assessed. These characteristics include PCR efficiency, 
determination of the linear dynamic range o f the RT-qPCR assay via the construction o f 
standard curves, and determination o f  the limit o f detection. Once performance 
characteristics are established it is important to recognize appropriate Threshold Cycle 
values ( C t ) and normalize results in an appropriate manner. Helpful information on all o f 
the latter can be found in the reviews by Bustin 152 and Bustin et a l 154 mentioned above.
3.1.3 Considerations for RT-qPCR Studies in Archaeal Systems
3.1.3.1 Archaeal Introns and Intron Processing
In order to conduct RT-qPCR studies the characteristics o f  archaeal RNAs must be 
considered. The Archaea lack nuclei and their genome and gene structure are most like that 
o f the Bacteria; however, their DNA replication, transcription, and translation mechanisms 
are more similar to the Eucarya (reviewed by Klug et a l155). As in the other two domains, 
introns have been found within exon-coding regions o f archaeal genes. Introns are 
transcribed with the pre-mRNA transcript by an RNA polymerase most similar to the RNA 
polymerase II and III found in the eucaryotic domain o f  life (reviewed by Langer et a /51 and 
Hirata et a l5i) before being processed out o f  the mature transcript by endonuclease 
activity61. Though Group I and Group III introns are yet to be detected, Group II introns 
have been identified only in the Methanosarcinaceae which fall into the kingdom
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Euryarchaeota56. Several rRNA and tRNA genes across the archaeal domain, as well as a 
single protein-coding gene in a small handful o f archaeal species60, have been found to 
contain small introns o f 14 to 106 nucleotides which appear to be related to the eucaryotic 
nuclear tRNA introns155.
As in the other domains, archaeal introns are removed by endonuclease excision 
after transcription155. Many archaeal species have introns in their tRNA and rRNA genes, 
all of which form a conserved secondary structure comprised of a small bulge loop 
followed by a short helix and a second bulge loop on the opposite side o f  the base paired 
intron sequence. Endonuclease excision occurs at a site specific location within either bulge 
loop of these bulge-helix-bulge (BHB) motifs and mutations in which these locations are 
removed or made inaccessible prevent splicing from occurring entirely61. The addition o f 
nucleotides to the helix between the bulge loops causing them to be further separated from 
one another results in reduced cleavage efficiency; however, cleavage accuracy remains 
intact61. Slippage in the cleavage sites will occur, however, when an additional nucleotide is 
added to one o f the bulge loops though this is a minor occurrence and cleavage accuracy 
remains in the majority o f cleavage products61. It is believed the archaeal intron-processing 
endonuclease requires a structural recognition pattern that allows for proper alignment o f 
the intron with the enzymes active site and, though cleavage site measurement appears to 
play a role in cleavage efficiency, nucleotide recognition may be utilized to identify the 
intron splice sites61. BHB motifs have now been identified at a number o f locations within 
tRNA genes from a wide array o f archaeal species. The majority of these introns conform 
to the BHB m otif described above while a small minority exist as relaxed motifs that can be 
cleaved by the tRNA processing endonuclease found in Crenarchaeota which is thought to 
be a more primitive variant59.
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In addition to the well established tRNA introns, Watanabe et al60 reported the 
presence o f small introns in the archaeal protein-coding gene homologue, CBF5 
(Centromere-binding factor 5), o f four archaeal species in 2002. Computational analysis 
predicted the introns would form a BHB secondary structure m otif similar to those found in 
the archaeal rRNA and tRNA introns with splice sites predicted to be located in either 
bulge. The ligation o f the splice sites was confirmed by sequence analysis o f  reverse- 
transcribed cDNA confirming the presence o f the first known intron in an archaeal protein- 
coding gene60.
3.1.3.2 mRNA Characteristics in Archaeal Systems
Messenger-RNAs found in Bacteria are typically polycistronic and contain a 5'- 
triphosphate group155 that has been shown to protect mRNA from the endoribonuclease, 
RNase E, thus prolonging mRNA decay157. Bacterial mRNAs have also been shown to 
contain short polyadenylated (poly(A)) tails on the 3 '-end155 which play a role in mRNA 
degradation signalling158. On the other side o f the spectrum, the Eucarya possess mRNAs 
that are typically monocistronic and contain 5'-methylated guanosine caps with long, non- 
templated poly(A) tails that provide stability to the message155. Archaeal mRNAs are often 
found as polycistronic transcripts155 and several species have been identified as containing 
poly(A) tails which have been observed to reduce the stability o f  the transcript159,160. No 5' 
modifications have been identified on archaeal mRNAs159 suggesting archaeal messages are 
more similar to those found in Bacteria over those found in Eucarya. Currently the 
mechanism o f mRNA decay in the Archaea  is poorly understood and several studies
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investigating archaeal mRNA stability have provided results showing great variability in 
mRNA half-life and stability across a range o f species 155.
3.1.4 Previous Studies Utilizing RT-qPCR in Archaeal Systems
RT-qPCR is now becoming a more widely utilized method for the analysis and 
quantification o f archaeal RNAs. The technique has been used in investigations ranging 
from the determination o f ammonia-oxidizing archaeal species abundance in soils161 to 
identifying changes in expression between the multiple rRNA operons o f the halophilic 
archaeon, Haloarcula marismortui162. Since archaeal mRNAs do not possess long poly(A) 
tails like their eucaryotic counterparts, and the poly(A) tails available are involved in 
mRNA decay signalling, the use o f poly(T) primers for reverse-transcription is not 
appropriate. Instead, reverse-transcription has previously been conducted using random 
hexameric primers162 or primers specific for a target gene163 with apparent success. 
Reverse-transcription has also been conducted in archaeal halophiles as an initial step to 
RNA Arbitrarily Primed PCR (RAP-PCR)164. This method o f reverse-transcription, which 
is highly similar to the use o f  random hexameric primers, utilized arbitrary 10-mer primers 
with G+C contents o f 70% and 80% 164 which may assist in prim er annealing as the elevated 
G+C content observed in many archaeal species is accommodated for. First strand cDNA 
synthesis was then performed164. Though this method was not used for downstream RT- 
qPCR applications it provides an additional alternative that may assist in achieving 
improved reverse-transcription results.
Quantitative reverse-transcriptase PCR studies have been conducted by Lopez- 
Lopez et a l162 to determine differential expression between Har. marismortui’s three rRNA 
operons. The organism possesses two rRNA operons that are highly similar and a third that
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contains a substantial number of single nucleotide polymorphisms. Analysis by RT-qPCR 
revealed that the unique operon was over-expressed as temperature increased suggesting 
the divergent operon is expressed as an adaptive measure. Lopez-Lopez et a l'62 were able 
to successfully use random hexameric primers for reverse-transcription. After determining 
the po lA l gene (encoding the small DNA polymerase II sub-unit), which had been used in 
other archaeal RT-qPCR analysis, had variable expression in Har. marismortui, the ratio o f 
expression between the two similar rRNA operons under a standard laboratory growth 
condition was utilized as a reference to normalize the expression of the unique operon. This 
was done based on an argument that rRNAs are the most commonly used reference genes 
in procaryotes and since the two operons were identical it should be possible to normalize 
against the expression ratio between the two operons if  the ratio is taken to be I 162. To the 
best o f our knowledge, this is the only study that has conducted a RT-qPCR assay to assess 
expression o f any kind in Har. marismortui. Although it is ground-breaking, this 
investigation does not meet the reference gene requirement as outlined by the MIQE 
guidelines. Since Har. marismortui is a widely used model organism for the eucaryotic 
ribosome, the proper identification o f a useable subset of reference genes for RT-qPCR 
assays is going to be invaluable and would benefit the current research being conducted 
with respect to ion transport in Har. marismortui described above. Moreover, there does not 
appear to be any reason as to why the minimum standards required by the MIQE guidelines 
132 can not be followed up to, and including, the confirmation o f  reference gene stability 
and the continuous quality control o f samples.
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3.1.5 Study Specific Objectives
Publications released in the last 2 years reporting RT-qPCR assays conducted 
during investigations pertaining to archaeal species can still be found that do not yet appear 
to fully conform to the MIQE guidelines since their conception in 2009165' !66. If  researchers 
are in fact conducting assays with these guidelines in mind it is not always apparent in 
published materials as substantial quantities o f information deemed as required for 
publication by Bustin et al 132 is not always clearly stated. The most obvious missing 
information is a lack o f reported reference genes or alternative method for standardizing 
RT-qPCR data. In the event reference genes are being used and their use is being reported, 
the likelihood o f data being normalized against more than one reference gene remains 
minimal. Although this lack of reference genes is not the only concern with regards to 
published RT-qPCR assay data it is one o f the major concerns. In order to properly address 
this matter adequate reference genes need to be identified in a variety o f  archaeal species.
3.1.5.1 Specific Considerations for RT-qPCR Studies in Haloarcula marismortui
The genome o f Har. marismortui is comprised o f nine circular replicons totalling 
4.28Mb. These replicons are organized into one large 3.13Mb chromosome, a substantially 
smaller 288Kb chromosome, and 7 plasmids ranging from 33Kb to 410Kb in size167. As 
with most other archaeal species, Har. marismortui contains short introns within its tRNA 
genes which are spliced out o f the mature mRNA transcript via tRNA endonuclease 
cleavage at the BHB m otif168. Moreover, the halophilic archaea are unique from most other 
archaeal species in that the 3'-ends o f their mRNA lack poly(A) tails entirely169 which 
leaves the mechanism o f halophilic mRNA decay a mystery.
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As mentioned above, the lack o f  poly(A) tails on Har. m arism ortufs mRNA leaves 
random hexamers or gene specific primers as the only employable option for priming 
cDNA synthesis via reverse-transcription. Due to the number o f  genes being investigated, 
random hexamers are used as this methodology is more cost effective. Additionally, the 
placement o f probes, if being used, across introns boundaries is not necessary as introns do 
not appear in protein coding genes as mentioned above.
3.2 Methods
3.2.1 Identification of Candidate Reference Genes and Design of RT-qPCR Primers
Candidate reference genes (Table 3.1) were selected on the basis o f their use in 
other organisms or the likelihood o f a uniform expression pattern with respect to their use 
in metabolic pathways. Candidates that had not been previously established in other species 
were selected based on their location within their respective metabolic pathway and on the
likelihood o f  being uniformly expressed due to the number of ‘inputs’ feeding said
pathway.
Table 3.1. Candidate reference genes selected on the basis o f prior use in RT-qPCR 
experimentation or probability o f uniform expression expected due to location o f  gene product 
involvement in metabolic pathways.
Gene Loci Gene Product
16S rRNA* 16S rRNA*
gapB  rmAC2262 GAPDH
rpoA rmAC2428 RNA polymerase alpha sub-unit
rpoB rmAC2430 RNA polymerase beta sub-unit
polA2  rmAC2691 DNA polymerase II large sub-unit
pykA  rmAC0546 Pyruvate Kinase
*The Har. marismortui genome contains three rRNA operons, each of which has a single 16S rRNA. 
Expression of this RNA will be measured as a combined expression of 16S rRNA from operons rmA 
and rmB as primer pairs can not be made to accurately distinguish between these two regions. The third 
16S rRNA on operon rrnC has been previously identified as having differential expression162.
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All primers were designed using the Beacon Designer 7 software package (Premier 
BioSoft). The locations o f candidate reference gene sequences were identified using the 
UCSC Archaeal Genome Browser85, 86, !70, 171. Location information was then used in 
conjunction with the NCBI Har. marismortui chromosome I whole genome sequence to 
obtain each specific gene sequence. The BLAST feature170 within the software suite was 
used to search each nucleotide sequences against the Har. marismortui genome in order to 
maximize primer specificity and prevent annealing to homologous sequences within the 
genome. The software’s secondary structure search option was used to determine regions o f 
secondary structure across each gene. This cross homology and structural information was 
used to design primer pairs (Table 3.2) that produce amplicons ranging from 150-250 base 
pairs in length (G+C = 45-65%) using the Beacon Designer ‘avoid cross hom ology’ and 
‘avoid secondary structure’ options. Longer amplicons were only generated when primer 
design parameters for the desired lengths could no longer be relaxed further regarding 
nucleotide runs, G+C content, annealing temperature, and hairpin or prim er dimer binding
energies.
Table 3.2. Primer pairs for qPCR assays o f subset #1 candidate reference genes. All primers
were designed using the Beacon Designer 7 software package (Premier BioSoft) and
supplied by Integrated DNA Technologies.
Haloarcula
Gene
Loci
Sense Primer A nti-Sense Primer
Am plicon  
Length (bp)
16S Operon 
rRNA rmA/B
5 ' -  GGTTGACGACTTTACTCG 5 ' -  GTCATAGCCATTGTAGCC 242
gapB*  rmAC2262 5 ' -  AACTACGAGAAGGCAGTC 5 ' -  CAACTGTGATGGATTCGG 493
rpoA rmAC2428 5 ' -  GAACTCCAGATTCAGGTC 5 ' -  CACACCAATCCGAAGTTC 165
rpoB  rmAC2430 5 ' -  ATCTCTGCGAGTTCCTGT 5 ' -  GTTGACCGGACAGACTTC 239
polA2  rmAC2691 5 ' -  GAACTGGAAGGACAGATG 5 ' -  GCGTAGTAGACGTTGATG 230
pykA  rmAC0546 5 ' -  GATGCTTGACTCGATGGT 5 ' -  ATTTCGCCGATTTCAGGG 338
*The ga p B  gene was excluded from the study due to the excessive size of the amplicon produced by
the qPCR primers. These were the only primers found that fell within allowable primer parameters
using the Beacon Designer 7 software.
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3.2.2 Preparation of Haloarcula marismortui Cell Cultures
Har. marismortui cells were grown in 23% S.W. M GM 138' 139 as described in 
chapter two. Cells were continuously sub-cultured at mid-exponential growth (ODeoo — 0.4- 
0.6) as a means o f maintaining continuously generation cultures as before. Cells for 
reference gene assessment were obtained by sub-culturing cells in balanced growth to 
media maintained under varying temperature and potassium ion concentrations which 
included growth in 23% S.W. MGM at 37°C, 45°C, and 55°C and in media containing 
20mM KC1 and 720mM KC1 at standard temperature (45°C). Three biological replicates 
under each condition were maintained. Cells (OD = 0.4-0.6) were pelleted by centrifugation 
once balanced growth under each condition had been obtained and were used immediately 
for RNA extraction.
3.2.3 Extraction and Assessment of RNA and Subsequent cDNA Synthesis
As a means o f minimizing freeze-thaw cycling o f RNA extracts and to preserve 
RNA integrity, each o f the following procedures were completed sequentially and 
immediately after one another. RNA was extracted from each biological replicate (above) 
using the Qiagen RNeasy kit. Cells in mid-exponential, balanced growth were centrifuged 
at 13,000rpm (1.5mL/2 minute sequential spin; total vol: 4.5mL) and media was removed 
completely by pipette. The cell pellet was resuspended and lysed using the RNeasy k it’s 
guanidine thiocyanate containing buffer, RTL, then homogenized using a QiaShredder spin 
column (Qiagen) as per manufacturer’s instructions. Ethanol (70% v/v) was added to the 
homogenization and ran over the RNeasy spin column as per the manufacturer’s protocol 
then eluted with nuclease-free water. A preliminary assessment of collected RNA purity 
was conducted post purification via agarose gel electrophoresis. RNA samples were
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denatured by incubation in the presence of a formaldehyde/formamide cocktail mix 
containing ethidium bromide (40mM MOPS, Im M  EDTA, ImM  sodium acetate, 50% (v/v) 
formamide, 6.5% (v/v) formaldehyde, 0. lug/m L ethidium bromide) at 75°C for 15 minutes. 
Denatured samples were run on a 1% (w/v) agarose-Tris/Acetate/EDTA (TAE) gel then 
visualized over UV light (Figure 3.1). Following preliminary assessment, RNA samples 
were digested using the Ambion Turbo DNA-free™ kit as per the m anufacturer’s 
instructions. Purified RNA samples were stored at -80°C for up to 7 days before 
quantifying and assessing integrity. RNA was quantified via the Qubit® fluorometric 
system (Invitrogen) and integrity was assessed using the Experion M icro-Capillary 
Electrophoresis system (BioRad). Both methodologies are preferential as per the MIQE 
Guidelines132.
Single strand cDNA synthesis was conducted using random hexameric primers as 
per Lopez-Lopez et a l162. cDNA synthesis was completed in 20pL reactions containing 
500ng RNA using Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase (New 
England Biolabs) as per manufacturer’s instructions. All cDNA was stored at -20°C until 
required for use in qPCR assays.
3.2.4 Optimization of RT-qPCR Reactions and Confirmation of Controls
Candidate reference gene primers were tested for specificity via the production o f  a 
PCR amplicon and subsequent agarose gel electophoresis analysis to confirm fragment 
sizes. PCR was conducted using GoTaq Green MasterMix (Promega) using the 
manufacturer’s recommended protocol and amplification products were run on a 1% (w/v) 
agarose-TAE gel (data not shown). An assessment o f primer specificity with respect to 
splicing variants as required by the MIQE guidelines132 was not required as haloarchaeal
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genes do not contain introns and alternative splicing does not occur in any archaeal species. 
The gradient feature on an iQ5 real-time detection system (BioRad) was used to determine 
the optimal primer annealing temperature (Ta) for each prim er set. Individual reaction 
conditions (50% (v/v) 2x iQ™ SYBR® Green Supermix (Bio-Rad), luM  forward primer, 
luM  reverse primer) and quantity o f template used were held constant for all qPCR assays. 
The Ta that produced the lowest obtainable quantification cycle (Cq) value was used as the 
optimized Ta for each specific primer set. No Reverse-Transcription (No-RT) and No- 
Template (NTC) controls were included in each run to monitor for DNA contamination and 
to assess the production o f  primer-dimers172 via a melt curve conducted on the real-time 
detection system immediately after the qPCR cycle.
3.2.5 Assessment of RT-qPCR Efficiency
The dynamic linear range (DLR) and amplification efficiency was assessed through 
the construction o f  a relative standard curve as described by Taylor et a lm . cDNA from 
each reverse-transcription reaction above was pooled (250ng from each reaction) and a 1/10 
dilution series was created to obtain cDNA standards. qPCR assays (standard recipe, above) 
were carried out on the pooled cDNA for each serial dilution (lOOng, lOng, lng, 0.1 ng, and 
0 .0lng per reaction) using the optimized primer annealing temperatures. The iQ5 software 
package (Bio-Rad) was used to create standard curves and assess assay efficiency for each 
primer pair. Curves were required to produce efficiencies o f 90-110% and have a curve fit 
o f R2 = 0.98 to be considered acceptable as per the MIQE Guidelines132.
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3.2.6 Analysis of Candidate Reference Gene Stability
The cDNA (lOng; obtained from the linear dynamic range o f the standard curves) 
from each biological replicate grown under each condition was used as template in qPCR 
assays and ran on the iQ5 real-time detection system described in section 3.2.4 above. 
Assays were run in technical triplicates (sets o f  three qPCR reactions constructed from the 
same sample for the purpose o f averaging variation in results produced by the assay) using 
the optimized primer conditions determined above. Technical triplicates producing a 
standard deviation o f 0.5 or lower were considered acceptable and were included in 
expression comparisons. A relative-fold change in expression was established by 
comparing candidate reference gene expression during growth under each test condition to 
the average expression observed for that gene across all conditions. This was done using 
the “relative gene expression” function found in the qBaseplus software suite (Biogazelle)173. 
The same software was then used to assess reference gene stability using the GeNorm M- 
value as calculated using the GeNorm algarithm 174. Genes producing an M-value o f 0.5 or 
lower were considered as stably expressed.
3.3 Results
Initial assessment o f RNA purity via gel electrophoresis identified substantial 
genomic DNA contamination within RNA extracts. Digestion with DNase I immediately 
after RNA extraction resulted in RNA extracts o f substantially higher purity. Figure 3.1 
contains a representative gel used for the assessment o f RNA purity ran on a 1% agarose- 
TAE gel after denaturing formaldehyde agarose gels (ran by standard protocols; data not 
shown) consistently yielded poor resolution o f  RNA fragments.
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RNA integrity was assessed using BioRad’s Experion Mircro-Capillary 
Electrophoresis system (Figure 3.2). This method utilizes a laser to detect RNA fragments 
that have been ran out on micro-scale gel within a specialized chip and produces a high- 
resolution digital image o f the fragmentation pattern. This is the preferred method o f 
evaluating RNA integrity stated by the MIQE Guidelines132 as it is A) highly sensitive; and 
b) produces a relative quality index (RQI) value based on the densitometric ratio between 
the 23S and 16S rRNA fragments. The MIQE Guidelines states a minimum RQI o f  7 is 
acceptable; however, all RNA samples used in this study produced an RQI o f  9 or greater.
Assessment o f candidate reference gene stability began with the optimization o f 
primers (Table 3.3) for the rpoB gene as described above. The rpoB  qPCR assay efficiency 
(E = 106.6%; R2 = 0.998) was assessed via cDNA standard curve and identified an optimal 
cDNA concentration o f lOng per qPCR reaction (see Figure 3.3). The curve was 
constructed using only 4 o f  the 5 available serial dilutions due to a consistent lack o f 
fluorescence in the lOOng reaction replicates. This apparent lack o f amplification was 
observed across multiple assays at this cDNA concentration leading to the data point being 
eliminated from all future standard curves. Further evaluation of these non-fluorescing 
reactions by agarose gel electrophoresis (data not shown) revealed amplification was in fact 
occurring as a single fragment o f expected size was observed upon visualization with 
ethidium bromide. Data points were only used in curve construction if  the standard 
deviation between the individual replicates o f  a given cDNA concentration was 0.5 or 
lower.
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Lane:
L 1 2  3 4
G enom ic DNA
23S rRNA
16SrR N A
F igure 3.1. Representative RNA purity assessment gel obtained by running RNA extracted from two 
biological replicates o f  Har. marismortui cells grown in media containing 720mM KC1 prior to, and after, 
digestion w ith DNase 1. Lanes: L-RNA Ladder; l-720m M  KC1(1), untreated; 2-720mM KC1(2), untreated; 3- 
720mM KC1(1), DNase digested; 4-720mM  KCI(2), DNase digested. Numbers in parentheses behind 
experimental test conditions indicate biological replicate number. The disruption observed in the fragm ents in 
lane 4 was caused by a solid piece o f agarose located in the gel im m ediately in front o f the well.
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Figure 3.2. M icro-Capillary Electrophoresis gels used for the evaluation o f  RNA integrity as produced by 
BioRad’s Experion system using the m anufacturer’s suggested protocol. The 50bp m arker is added to each 
sample as part o f the protocol and is used by the software to properly align all lanes to the RNA ladder. Lanes 
in A were not aligned by the software due to the poor resolution o f  the ladder. All extracted RNA samples 
used in B produced an RQI value o f  9 or higher (M IQE recommended RQI =  7). All extracted RNA samples 
used in A, with the exception o f the 20mM KC1(1) sample, produced crisp fragments with little apparent 
degradation and were thus assumed to have an RQI value o f 7 or greater. The 20mM KC1(1) sam ple was re­
run in B to confirm integrity. The 720mM KC1 triplicate was ran twice to confirm reproducibility. A: Lanes: 
L -  Ladder; 1 -  45°C(1); 2 - 45°C(2); 3 - 45°C(3); 4 - 37°C (I); 5 - 37°C(2); 6 - 37°C(3); 7 - 55°C(1); 8 - 
55°C(2); 9 - 55°C(3); 10 -  20mM KC1(1); 11 -  20mM KC1(2); 12 -  20mM KC1(3). B: Lanes: L -  Ladder; 1 -  
720mM KC1(1); 2 -  720mM KC1(2); 3 -  720mM  KC1(3); 4 -  720mM KC1(1); 5 -  720mM  KC1(2); 6 -  
720mM KC1(3); 7 -  20mM KC1(1). Numbers in parentheses behind experimental conditions indicate 
biological replicate number.
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Figure 3.3. Representative RT-qPCR standard curve constructed using the RNA polym erase beta sub-unit 
(rpoB) gene primers. Standards were prepared by pooling cDNA synthesized from RNA extracted from Har. 
marismortui cells under each test condition. Assays w ere run using a 1/10 serial dilution o f  pooled cDNA 
template standards ranging from lOng to O.Olng o f cDNA per assay reaction covering three logarithm ic steps 
as prescribed by the MIQE Guidelines. Standard deviations above 0.5 were considered unacceptable.
A preliminary assessment o f differential gene expression in the rpoB  gene using two 
biological replicates under each test condition showed the expression o f this gene was 
highly variable between the two replicates. The assay was repeated two additional times in 
order to obtain a triplicate o f data. Figure 3.4 shows the relative expression change obtained 
from each o f  the three individual assays which appear to produce a consistent result. 
Standard growth conditions were considered normal expression and were assigned a value 
o f 1 thus allowing for a premature relative-fold change to be assigned to alternative 
expression patterns. Direct comparison o f the three assays (Fig 3.4) shows the results for 
each independent replicate were highly consistent even though substantial variation 
between biological replicates was observed.
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Figure 3.4. Differential expression o f  the Har. marismortui RNA polymerase beta sub-unit gene (rpoB) 
across a range o f  extracellular potassium concentrations and growth temperatures A direct com parison of 
three replicate RT-qPCR assays is shown. Replicate assays were conducted on the same samples to assess if 
the observed variation between assays is due to assay preparation or performance. Expression is shown as fold 
change relative to the first biological replicate under standard conditions (23% S.W. MGM; 45°C-1). X-axis 
labels indicate first (-1) and second (-2) biological replicate for each test condition. Each bar is representative 
o f  an average result obtained from a technical triplicate within each independent assay. Technical triplicates 
producing a standard deviation below 0.5 were considered acceptable. Note: The drastic change in expression 
between the 720mM KC1 biological replicates (rpoB-3) is due to an error in assay preparation and not a 
change in differential expression between assays.
A further comparison was conducted in order to assess variation between cDNA 
synthesis reactions as previous reports have suggested reverse-transcription being primed 
by random hexamers can substantially over estimate expression levels162. As a means of 
assessing variation between reverse-transcription reactions, three separate cDNA syntheses 
were conducted from a single extracted RNA sample obtained from a third biological 
replicate grown under standard conditions (23% S.W. MGM; 45°C). A subsequent RT- 
qPCR assay was conducted to assess differential expression between the three cDNA 
samples as a means o f determining if  the observed variability in the differential expression
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between biological replicates is due to natural biological variability or due to the use o f 
random hexamers during priming o f the reverse-transcription step. Differential expression 
between the three cDNA synthesis reactions is shown as a fold change in expression 
relative to zero in Figure 3.5.
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Figure 3.5. Com parison o f RNA polym erase beta sub-unit (rpoB) expression obtained from three independent 
cDNA syntheses using a single RNA sample as a template. RNA was extracted from a third biological 
replicate o f Har. marismortui cells grown under standard conditions (23% S.W. MGM; 45°C). RNA was 
extracted after cells were in balanced growth. cDNA synthesis was conducted using random hexameric 
primers and M -M uLV RT (New England Biolabs) as per m anufacturer’s recommended protocol. Relative 
fold expression between cDNA samples is shown relative to 0.
Once a reasonable explanation for the observed variation in gene expression data 
between biological replicates had been obtained, the stability o f  five candidate reference 
genes (16S rRNA, rpoA, rpoB, polA2, and pykA) were assessed. RNA was extracted from 
three newly established biological replicates and cDNA was synthesized as before. 
Expression data was imported into the qBaseplus software suite173 and used to determine the 
expression o f  each candidate reference gene under each condition relative to the average
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expression for that gene (Figure 3.6). The software was also used to calculate the GeNorm 
A/-value which is the established acceptable statistical measure of expression stability 173 
(Figure 3.7).
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F igure 3.6. Expression o f  each candidate reference genes under each test condition relative to the average 
expression o f  that gene across all test condition. Figure was produced using relative expression values 
produced by the qBaseplus 173 software suite.
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F igure 3.7. Graphical representation o f  the GeNorm A/-values obtained using the qBasepllJS software package. 
Genes producing values o f 0.5 or lower are considered to be stably expressed and may be used as reference 
genes in qPCR assays as per the MIQE Guidelines.
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3.4 Discussion
Although the standard curve produced for the RNA polymerase candidate reference 
gene meets the requirements o f the MIQE guidelines132 in terms o f  the number o f 
logarithmic steps used to construct the curve, it would have been ideal to construct the 
curve using all 5 planned cDNA standards. Curiously, the expected increase in fluorescence 
o f the qPCR reactions containing lOOng o f cDNA did not rise above the base-line level o f  
fluorescence. Since auto-quenching has not been observed in any assay utilizing SYBR 
Green to the best o f our knowledge, the most logical answer to this phenomenon would 
simply be that insufficient reagents (dNTPs, primers, etc.) were available for cDNA 
replication to occur. Intuitively, however, this seems unlikely considering the quantity o f  
primer and dNTPs used in each 25 pL assay are typical o f  a 50pL reaction which would be 
sufficient to amplify several hundred nanograms o f  template. Moreover, non-specific 
primer annealing leading to random amplicon production or highly inefficient amplification 
is also unlikely as all reactions carried out for each standard curve were prepared from a 
single master mix o f reagents. Had primer specificity caused this issue all reactions used in 
the construction o f the standard curve would have been non-functional. As per the MIQE 
Guidelines132, melt curve analysis was conducted alongside each assay and did not produce 
results that suggest non-specific PCR products had been produced. This consistently 
repeatable lack o f fluorescence in the lOOng cDNA standards lead to these data points 
being eliminated from standard curve construction all together. Agarose gel electrophoresis 
indicated amplification was in fact occurring normally as single fragments o f  anticipated 
size were observed suggesting fluorophore quenching is occurring as a result o f  a specific 
reaction condition or potentially due to auto-quenching o f  the SYBR Green fluorophore.
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Preliminary quantification o f the rpoB gene via a triplicate o f RT-qPCR assays 
revealed consistency o f expression for each test condition within a single biological 
replicate. When gene expression under each unique test condition was compared to a 
second independent biological replicate under the same condition, substantial variance was 
observed (see Figure 3.4). Considering that biological replicate cultures were grown in 
parallel to one another using media from the same stock and under identical temperature 
conditions, the level o f gene expression between two biological replicates would be 
expected to be identical. Seeing as this was not the case, it is possible that the observed 
variability between biological replicates is due to the method o f priming used for cDNA 
syntheses. Since Lopez-Lopez et a /162 have shown that the use o f random hexameric 
primers can result in an overestimation o f mRNA copy number by up to 20-fold, the 
biological variation being observed could potentially be due to how the mRNAs from each 
biological replicate was primed for cDNA synthesis. The observed relative fold change o f 
mRNA copy number could show substantial variation between identically treated replicates 
simply by changing the position or sequence, o f  an annealing hexameric primer. Variation 
in the observed level o f expression between biological replicates may also occur if  a single 
template is being primed a variable number o f times within a reverse-transcription reaction 
thus making the reaction less linear then it is intended to be. Because either o f these 
scenarios could be occurring, it was necessary to evaluate candidate reference gene stability 
based on an average value obtained with the inclusion o f  additional biological replicates.
After considering the scenarios above, the potential variation between independent 
reverse-transcription reactions that utilize a common RNA template was assessed. Three 
independent cDNA samples were obtained from a third biological replicate o f Har. 
marismortui cells grown under standard conditions and expression o f the rpoB  gene was
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assessed for each. As observed in Figure 3.5, minimal variation in gene expression is 
observed between the cDNA samples. Since the relative fold change in expression between 
the samples fall within an acceptable standard deviation of one another, and because the 
maximum fold change relative to zero is 0.12, we can assume the variation observed in 
figures 3.4 can be attributed to natural biological variability.
Assessment o f reference gene stability using the qBaseplus software suite173 has 
revealed that all five o f the candidate reference genes selected initially can be used as 
reference genes under the conditions used above. Through examination o f  the relative fold 
change data observed (Figure 3.6) it is apparent that the rpoA an d polA2  genes are the least 
stably expressed as the expression o f  these genes is shown to decrease by approximately 
25% under some conditions and increase by approximately 40% under others. This 
observation is supported by the GeNorm M-values produced by the qBaseplus software173. 
As per the MIQE Guidelines132, genes producing GeNorm M-values below 0.5 are 
considered as stably expressed and are appropriate for use as a reference. The GeNorm M- 
values o f rpoA and polA2  are both below 0.5 suggesting they are appropriate reference 
genes; however, these are considerably higher then the remaining three candidates which 
all have GeNorm M-values o f 0.25 or lower. Placing the five candidates in order of 
increasing GeNorm M-value ranks these genes by increasing suitability as qPCR reference 
genes. This makes the total expression o f all 16S rRNA genes (determined using the 
primers in Table 3.2 which amplify a homologous region from all 16S rRNA operons) the 
most ideal reference gene for qPCR studies followed by the rpoB , pykA , polA2, then rpoA 
genes. The pykA  gene, encoding pyruvate kinase has, to best o f our knowledge, never 
before been validated as a reference gene for qPCR studies making it an entirely novel 
control.
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In the event any o f the five novel reference genes that have now been properly 
established are determined to be unacceptable for use as a reference gene under a future 
growth condition o f interest, a second subset o f candidates (Table 3.3) has been selected 
using whole genome microarray data from a closely related halophilic archaeon, 
Halobacterium salinarum  NRC-1. These data are openly available through the online 
Gaggle database and software package175' 177 and contains differential gene expression data 
obtained by microarray analysis for all 2400 genes in the NRC-1 genome across 361 
independent growth conditions. The logio ratios for each gene provided by the database 
have been used to determine the coefficient o f variance across all available experimental 
conditions (data not shown). The genes producing the lowest overall coefficients have been 
selected as candidate reference genes and RT-qPCR primers have been designed using the 
Beacon Designer 7 software suite as described above. Interestingly, when the NRC-1 
homologues o f  the five genes evaluated in this study are re-evaluated using this microarray 
data they all fall just beyond the coefficient o f variance cut-off that was used to create the 
second subset o f candidates found in Table 3.3. This suggests that the new subset o f 
candidates are very likely to be verified as highly appropriate reference genes and may set a 
precedent for determining candidate reference genes based on expression levels observed 
via microarray analysis.
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Table 3.3. Candidate reference genes identified as being minimally variable by 
Halobacterium salinarum  NRC-1 micro array data obtained from the Gaggle database175'
177
G ene NRC-1 Loci H aloarcula  Loci* Haloarcula  G ene P ro d u c t
sun VNG0499G rmAC0628 Cytosine-C5 -methylase
- VNG0508H rmAC0928 Hypothetical Protein
- VNG1514H rmAC0981 Hypothetical Protein
SucC VNG1541G rmAC0472 Succinyl-CoA synthetase beta chain
SucD VNG1542G rmAC0474 Succinyl-CoA synthetase alpha chain
zim VNG1543G rmAC1876 CTAG modification methylase
CbiT VNG1550G rmAC2998 Precorrin-8W decarboxylase
CbiG VNG1555G rmAC3003 Cobalamin biosynthesis protein
CbiH VNG1557G rmAC3008 Precorrin-3B Cl7-m ethyltransferase
- VNG1558H rmAC3009 Hypothetical Protein
- VNG1559H rmAC3010 Hypothetical Protein
CbiK VNGI561C rm A C3011 Cobalt chelase thioredoxin
- VNG1562H rmAC3012 Hypothetical Protein
Tupl VNG1564H rmAC3013 Tupl-like  transcriptional repressor
CobN VNG1566G rmAC3019 Cobalamin biosynthesis protein
CbiJ VNG1568G rmAC3021
Cobalt-precorrin-6Y C5- 
methyltransferase
etJBl VNG2150G rmAC3148
Electron transfer flavoprotein beta sub­
unit
dpa VNG2462G rm A C3118 Signal recognition particle receptor
*These loci were identified as Haloarcula marismortui homologues to the provided NRC-1 loci 
using the BLAST feature on the UCSC Archaeal Genome Browser85- 86-170- ,71.
3.5 Conclusion
In summary, we have shown that investigations utilizing RT-qPCR as a tool for 
studying gene expression in archaeal organisms can conform to the 2009 MIQE 
Guidelines132 with relatively minimal additional effort and have established an approach to 
doing so that can be mimicked by other research groups if  required. The use o f the 
increasingly common RNA spin column as a quick and effective method o f  RNA extraction 
from halophilic cells has proven to yield not only large quantities o f RNA, but RNA o f
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extremely high integrity as shown by the RQI values obtained from the Experion Micro- 
Capillary Electrophoresis system. This was a point o f initial concern due to the presence o f 
large salt concentrations that could have potentially affected the spin column membrane 
and thus the efficiency o f the RNA extraction. A preliminary evaluation o f differential 
expression o f the rpoB gene, which appears to be highly variable when grown across a 
range o f extracellular potassium ion concentrations and growth temperatures, has shown 
that the methodology o f using random hexameric primers for the single strand synthesis o f 
cDNA is highly consistent leaving the variation in cellular RNA levels for this gene to be 
attributed to biological variability between cellular replicates. Although these 
methodologies may need to be adjusted to accommodate the extraction o f  RNA from other 
archaeal species due to the unique environments they live in (For example, how well will 
an RNA spin column work when isolating cells from media at a pH o f 2?), the techniques 
described above create a definitive starting point for the evaluation o f reference genes in 
many other organisms.
We have now identified and validated five novel reference genes in the halophilic 
archaeon, Haloarcula marismortui, which we believe is a valuable starting point for the 
validation o f proper reference genes in many other archaeal species. Although each o f the 
genes evaluated above have met a minimum set o f  standards for use as RT-qPCR 
references, their expression should still be compared to the expression o f  genes that would 
be expected to be highly variable under the growth conditions used to further confirm 
stability. This will be completed in the very near future in order to provide additional 
support for these novel reference genes, whether it is truly required or not. Additionally, a 
precedent has now been established for the use of largely available microarray expression 
data to select potential RT-qPCR reference gene candidates. This approach has now been
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used to identify a second suitable subset o f  candidate haloarchaeal reference genes that can 
be utilized by other research groups to evaluate and validate should the novel reference 
genes above prove to be unsuitable for a specific growth condition. It is our hope that this 
investigation will introduce the MIQE guidelines132 to the archaeal research community and 
demonstrate that these guidelines can, and should be, applied to RT-qPCR studies that are 
currently lacking standardization o f experimental design and methodology.
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Chapter Four
Conclusion
4.1 Assessment of Potassium Stress Responses in Haloarcula marismortui
Substantial progress toward better understanding how the halophilic archaeon, 
Haloarcula marismortui, responds to potassium stresses in its native environment has now 
been made. This has been completed by establishing cellular growth characteristics under 
standard laboratory growth conditions then evaluating changes in these characteristics 
under extremely elevated and limiting concentrations of extracellular potassium. This 
investigation has shown that Har. marismortui exhibits an optimal generation time o f 4.19 
± 0.14 hours at an extracellular K f concentration o f lOOmM. The cellular generation time 
increases substantially as K* reaches limiting concentrations (8mM) but only slightly as 
extracellular K+ increases to concentrations nearly an order o f magnitude higher (720mM) 
than optimal. We have suggested that the increased generation time observed in Har. 
marismortui as K+ becomes limiting is very likely a result o f changing energy requirements 
within the cell. Because Har. marismortui sequesters K+ to intracellular concentrations o f 
nearly 1.4M when the extracellular concentration is 8mM (Chapter 2; Figure 2.4), an 
extremely steep ion gradient is formed that is likely to result in efflux o f K f through low- 
affinity potassium channels in the cellular membrane such as the low-affmity Trk 
potassium transport system. This efflux should result in the immobilization o f ATP as a 
regulator o f the Trk system in order to maintain the critical intracellular K+ concentration at 
adequate levels which, in turn, would result in a reduced energy reserve for normal cellular 
system function. A reduced energy capacity for normal cell function will result in slowed 
generation times.
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Alternatively, as extracellular K+ is elevated in excess o f  700% above normal, the 
cellular generation time increases only slightly as intracellular K* concentrations approach 
2.5M (Chapter 2; Figure 2.4) which may suggest a potential inability to sufficiently 
regulate K+ uptake. I f  an uncontrollable uptake o f K f is in fact occurring, an accumulation 
o f intracellular salts to concentrations that become sub-optimal for cell system function is 
likely to cause a deterioration in generation time. As other members o f  our lab group are 
demonstrating with currently unpublished data, the proper function o f  many halophilic 
enzymes are drastically affected by elevated K + concentrations in vitro thus making this a 
plausible explanation for the observed increases in generation time.
In addition to the valuable information obtained from the aforementioned growth 
studies, we have now established a methodology for using modem analytical chemistry 
instmmentation in the determination o f intracellular ion concentrations. We have shown 
this methodology to be highly ineffective when examining ions o f lower molecular weight 
such as sodium and lithium. This is due to the nature o f  Induction-Coupled Plasma 
instrumentation and the space-charge effects that occur when high concentrations o f low- 
molecular weight ions are introduced into argon plasma. Though this is the case for some 
ions that we had hoped to evaluate, it appears to produce reliable, or at minimum plausible, 
data when examining the concentrations o f higher molecular weight ions. Using this 
methodology we have shown that Har. marismortui sequesters K+ ions to concentrations 
several fold higher than that o f the media it grows in and this uptake increases or decreases 
with the extracellular concentration o f  the ion. This is presumably done in order to balance 
the osmotic pressure experienced in its native environment as has been previously 
suggested112. We have shown that the organism is an excellent scavenger o f  K+ ions under 
limiting conditions and will readily uptake R b \ as has been previously reported.
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Interestingly, we have also demonstrated that Har. marismortui will uptake Cs+ in place of 
K+ if these ions are available; however, the use o f  alternative monovalent ions as a 
replacement for K+ results in extremely slowed, and apparently variable generation times. 
Additionally, these ions are not sequestered to concentrations observed for potassium under 
optimal conditions which may further suggest that K+ is required to maintain cellular 
energetics in a manner that has not yet been described.
4.2 F u tu re  D irection for the E valuation o f Potassium  Stress Responses in 
Halophilic A rchaea
Now that we have identified and validated several RT-qPCR reference genes 
(Chapter 3 and Section 4.3) a secondary ‘test’ study will be initiated to examine the 
differential expression o f the gene products within the Trk system described in Haloferax 
volcaniim . Several genes o f particular interest are those that comprise the Trk low-affinity 
potassium transport system. Several o f these genes are known to encode membrane bound 
potassium ion transport proteins145’ 178 which would be expected to demonstrate highly 
differential expression patterns under the conditions used to verify our five novel reference 
genes. Previous studies have shown that the gene products o f  the Trk system genes will 
actively transport rubidium as a substitute to potassium 145 in some species making it o f 
particular interest with regards to the findings described in Chapter 2. Once gene specific 
RT-qPCR primers have been optimized and assay efficiency has been assessed in 
accordance with the MIQE guidelines, the differential expression of the many genes that 
comprise the Trk system in Har. marismortui will be examined. Differential expression will 
be determined across a range of potassium and rubidium ion concentrations in the growth 
media while using the reference genes identified in this study as endogenous controls.
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Reference gene stability will also be re-evaluated, as per the MIQE Guidelines “, using the 
methodologies outlined to ensure stability is not affected by growth in rubidium. This 
secondary study will further demonstrate the usefulness o f our reference genes and further 
our knowledge o f Haloarcula marismortui responses to potassium stress.
In addition to the latter planned investigation, it would be o f interest to monitor 
changes in potassium transporter activity in Har. marismortui under in vivo conditions 
across our chosen range o f extracellular K+ concentrations. This can be done using an assay 
such as the FluxOR™ Potassium Ion Channel Assay (Invitrogen) which utilizes the well 
documented affinity that potassium channels exhibit for Thallium ions. The assay works by 
introducing thallium ions into the cell via flow along their concentration gradient or via 
natural active transport. The ions then interact with, and stimulate a membrane permeable 
reporter dye resulting in cytosolic fluorescence. The intensity o f  observed fluorescence is 
then directly proportional to the total activity o f all potassium ion channels present within 
the cell. This would very likely provide outstanding supporting evidence for any 
differential expression of ion transporters observed during the RT-qPCR study outlined 
above. Although this assay is quite costly and the manufacturer’s website states it is 
intended for use with mammalian cells, it would be well worth attempting to adapt this 
assay for use with haloarchaeal systems.
4.3 Evaluation of Novel RT-qPCR Reference Genes in Haloarcula marismortui
We have now shown that the archaeal research community should be able to 
conform to the MIQE Guidelines132 while adding only minimal additional effort to 
established RT-qPCR protocols. The purpose o f the 2009 publication by Bustin et al]n was 
not to inflict excessive amount o f additional work on investigators conducting quantitative
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nucleic acid analyses, but to ensure that all investigators are following a set o f standardized 
rules that maximum the reliability and reproducibility o f  data. As this technique can be 
highly variable due to the potential for many arbitrary threshold and cut o ff values while 
analyzing data, and due to the numerous techniques and products available for RNA 
isolation, purification, and quantification, cDNA synthesis, and the qPCR assay itself, it is 
important that sufficient information regarding methodology and experimental design be 
provided in qPCR publications.
After realizing that most investigators using RT-qPCR as a technique for studying 
archaeal organisms do not appear to be conforming to the MIQE Guidelines due to a severe 
lack of available reference genes that have been properly validated, we are now prepared to 
provide the archaeal research community with an established protocol that can be adapted 
as needed to validate their own candidate reference genes in various archaeal species. Five 
novel reference genes have now been validated by this methodology in Har. marismortui, 
one o f which (pykA ; pyruvate kinase) has, to the best o f  our knowledge, never before been 
used as a reference gene in any species. In order o f decreasing expression stability, these 
genes are 16S rRNA, rpoB, pykA, polA2, and rpoA which code for the 16S ribosomal RNA, 
the RNA-polymerase beta subunit, pyruvate kinase, the DNA-polymerase II large subunit, 
and the RNA-polymerase alpha subunit, respectively. We have also shown that existing 
gene expression data obtained from microarray analysis can be successfully utilized for the 
initial identification o f reference gene candidates upon initiation o f a reference gene search.
In addition to the validation o f  our novel reference genes, preliminary studies have 
been used to show that substantial biological variation in gene expression is observed 
between independent biological replicates o f Haloarcula marismortui-, a phenomenon that 
is likely to be observed in other archaeal species. After initially attributing this variation to
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the method o f priming used for the cDNA synthesis reaction, the use o f random hexameric 
primers has been shown to produce acceptably consistent results upon comparison o f 
expression data obtained from multiple cDNA samples synthesized independently from the 
same RNA extract. This is o f substantia] importance as most archaeal species do not 
possess poly-adenylated tails on the RNAs eliminating the possibility o f using oligo-dT 
primers as a cDNA priming method (see Section 3.1.1). Although gene specific primers can 
be used for cDNA synthesis, this method can become extremely laborious and costly when 
high-throughput is required while evaluating reference genes. As stated in Chapter 3, it is 
our hope that this investigation will introduce the MIQE guidelines132 to the archaeal 
research community and demonstrate that these guidelines can, and should be, applied to 
RT-qPCR studies that are currently lacking standardization o f experimental design and 
methodology.
4.4 F u rth e r  E valuation of Identification  of Novel R T -qP C R  Reference G enes in 
H aiophilic A rchaea
As mentioned in Section 4.2, the five novel reference genes identified in this study 
will now be used to assess the differential expression of several genes within the low- 
affinity Trk potassium transport system. This will be part of an ongoing goal to 
unequivocally validate a number o f useable reference genes in Haloarcula marismortui. 
The differential expression data for the Trk protein genes will be evaluated as per the 
methodology used above. The stability o f these genes will then be compared to that o f the 
five novel reference genes to further show that the stability o f  our validated references is 
not an artifact o f an insufficient dataset.
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Additionally, the evaluation o f  several o f the subset 2 candidate reference genes 
(Table 3.3) in Har. marismortui is nearly underway. The validation o f several more genes 
will allow us to produce a wide range o f  acceptable haloarchaeal RT-qPCR reference genes 
that can be readily used or re-evaluated under new growth conditions by other investigators. 
This will also provide several “go-to” alternatives in the event one or more validated genes 
are shown to exhibit reduced stability under one or more specific growth conditions.
Finally, all novel reference genes that arc validated in Har. marismortui, current and 
future, will also be evaluated in the closely related halophilic species, Halobacterium  
salinarum  species NRC-1. This would seem appropriate as all o f  candidate genes that are 
about to be evaluated in Har. marismortui were identified using the N R C -1 microarray data 
obtained from the Gaggle database and software package175' 177. This will not only allow for 
“proof o f  concept”, but may identify reference genes that are universal among the 
haloarchaea.
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A ppendix
F igure A .I. Scanning electron micrograph o f  m icro-crystalline salt structure. Crystals w ere form ed during an 
attempt to image whole Haloarcula marismortui cells. Cells were pelleted by centrifugation and excess media 
was removed via pipette. Cell pellets were thinly spread across an im aging disk then subm erged in liquid 
nitrogen for 30 seconds to solidify any remaining liquid material. The frozen ells were imm ediately gold 
plated under vacuum for 55 seconds at 45mA before imaging. Photograph was obtained using a Philips XL30 
scanning electron microscope by Mr. Erwin Rehl, Department o f  Chemistry, University o f  Northern British 
Columbia.
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